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1 .  Introduction 


High-power  (TW)  electrical  pulses  produced  by  pulsed-power  generators,  when  coupled 
to  radiation  producing  loads  such  as  electron-beam  (e-beam)  diodes,  provide  a  source 
of  bremsstrahlung  x-rays  that  is  used  for  various  applications  including  flash 
radiography,  matter  interaction  studies,  and  nuclear-weapon-effects  simulation. 
Inductive  storage,  together  with  the  use  of  a  plasma  opening  switch  (POS),  represents  a 
technological  approach  for  providing  the  power  conditioning  required  to  generate  such 
high  power  pulses.  This  approach  holds  the  promise  of  relatively  compact,  affordable, 
very  high  power  (>10  TW)  pulsed-power  generators.  While  significant  progress  has 
been  made  in  understanding  the  conduction  and  opening  phases  of  the  ps-conduction- 
time  POS,1,2,3  more  research  is  needed  to  obtain  a  better  understanding  of  the  coupling 
between  a  POS  and  an  e-beam  diode. 

A  series  of  POS-load  coupling  experiments  was  performed  on  the  Hawk  inductive 
storage  generator.4  This  facility  consists  of  a  1  .1-jj.F  Marx  bank,  storing  225  kJ  at  the 
standard,  640-kV  output  voltage.  The  Marx  is  discharged  into  a  ~600-nH  circuit 
inductance  closed  by  a  POS,  yielding  a  sinusoidal  current  pulse  with  a  peak  amplitude  of 
720  kA  and  a  quarter  period  of  1 .2  ps.  In  these  experiments,  the  POS  conduction  time, 
e-beam  diode  impedance,  and  POS-to-load  distance  were  each  independently  varied  . 
This  was  done  both  to  study  their  effect  on  power  coupling  from  the  POS  to  the  diode 
load,  and  to  seek  a  set  of  parameters  which  provides  optimum  coupling  between  the 
POS  and  the  e-beam  diode. 

In  this  work,  cable-gun  plasma  sources5,6  were  used.  Previous,  similar  experiments1' 
3'7,8'9  on  Hawk  used  flashboard  plasma  sources.6,10,11,12  Unlike  previous  work,  a  tantalum 
(rather  than  stainless  steel)  anode  was  used  to  produce  bremsstrahlung,  and  the  POS 
anode  geometry  differed  from  that  used  previously.  Another  important  difference 
between  these  experiments  and  previous  work  is  that  this  time,  the  cathode  current  and 
load  voltage  were  measured  (the  latter  with  a  vacuum  voltmeter).  These  additional 
measurements  allowed  direct  determination  of  the  diode  impedance,  and  have  revealed 
new  and  subtle  insights  into  POS  physics.  Also  in  this  work,  short  and  long  POS-to-load 
length  shots  were  systematically  compared  over  a  range  of  conditions  including  those 
resulting  in  maximum  load  power.  This  paper  presents  the  results  of  these  experiments. 

2.  Experimental  Configuration 

2.1  Experimental  Setup-Hardware  and  POS  Plasma  Source 

Illustrated  in  Fig.  1  are  the  two  different  POS-to-load  configurations  used  on  Hawk  for 
these  experiments.  In  Fig.  1,  the  long  POS-to-load  configuration  (POS  and  e-beam 
diode  load  separated  by  49  cm)  is  shown  above  the  centerline,  while  the  short  POS-to- 
load  configuration  (POS  and  e-beam  diode  load  separated  by  33  cm)  is  shown  below  the 
centerline.  The  current-carrying  conductors  (shown  crosshatched)  consist  of  a  central, 
10.1 -cm  outer-diameter  cathode  concentric  with  a  17-cm,  inner-diameter  anode.  Non- 
crosshatched  areas  indicate  the  vacuum  chamber. 

The  POS  plasma  is  created  using  twelve  equally  spaced  cable  guns,5,6  arranged 
azimuthally  to  inject  plasma  between  twelve,  1  -cm-diameter  by  8-cm-long  rods  in  the 
anode.  The  cable  guns  are  constructed  from  0.25-in  diameter,  semi-rigid  coax  with  a  60° 
conical  hole  drilled  at  the  end.  The  12  cable-gun  POS  plasma  sources  are  driven  by  four 
capacitor  banks  each  of  which  consists  of  three,  0.6-|xF,  30-kV  capacitors.  Each  cable 


Manuscript  approved  August  25, 1999. 


1 


Fig.  1 1  The  Hawk  experimental  configurations  for  both  the  long  POS-to-load  distance  (shown 
above  the  axis),  and  the  short  POS-to-load  distance  (shown  below  the  axis). 


gun  source  is  powered  by  one  capacitor.  For  this  work,  the  capacitors  are  charged  to  25 
kV,  resulting  in  35-  to  40-kA  peak  current  in  each  source.  The  time  to  peak  current  for 
each  source  is  about  0.5  |±s.  When  the  delay  between  doghouse  and  marx  bank  triggers 
is  increased,  plasma  is  injected  for  a  longer  time  prior  to  firing  the  Hawk  marx  resulting  in 
greater  initial  plasma  mass  in  the  opening  switch,  and  consequently  a  longer  conduction 
time  (see  Secs.  2.3  and  4.5,  below).  The  delay  between  doghouse  and  marx  bank 
triggers  is  set  using  an  Orthometrics  time  delay  generator. 

The  bremsstrahlung  converter  consists  of  a  25-jim  (1-mil)  thick  tantalum  foil  covered, 
on  the  cathode-facing  side,  with  a  6-pm  (0.25-mil)  thick  aluminum  foil.  The  purpose  of 
the  aluminum  foil  is  to  reduce  the  effect  of  the  tantalum  converter  (presumably 
outgassing)  on  the  diode  behavior,  as  has  been  noticed  on  e-beam  diode  shots  with  no 
POS  (see  Sec.  2.4,  below).  Bremsstrahlung  produced  in  the  tantalum  converter  passes 
through  an  endplate  consisting  of  a  0.4-mm  (16-mil)  thick  aluminum  sheet  that  provides 
the  vacuum  seal,  followed  by  a  6.3-mm  (0.25-in)  thick  Kevlar  sheet  that  is  necessary  to 
absorb  the  shock  of  flying  debris  from  the  diode. 

The  diode  A-K  gap  is  adjustable  using  a  sliding  cathode  tip  that  consists  of  a  10.15- 
cm  inner-diameter,  0.3-cm  thick,  3.7-cm  long  stainless  steel  ring  which  fits  over  the 
Hawk  cathode  with  electrical  contact  made  by  a  ring  of  copper  fingerstock.  When  the 
vacuum  chamber  is  pumped  down,  the  Hawk  cathode  moves  axially  relative  to  the 
anode.  Thus,  the  diode  A-K  gap  with  the  chamber  under  vacuum  is  smaller  than  the  A-K 
gap  with  the  chamber  at  atmospheric  pressure.  To  set  the  desired  A-K  gap,  a  spacer 
consisting  of  a  16.7-cm  diameter  aluminum  disc  of  the  appropriate  thickness  is  placed 
between  the  sliding  cathode  and  the  tantalum  anode.  The  Hawk  chamber  is  then 
evacuated  to  allow  the  aluminum  spacer  to  adjust  the  position  and  planarity  of  the  sliding 
cathode  tip  on  the  center  conductor.  The  Hawk  chamber  is  then  vented,  the  aluminum 
spacer  is  removed,  and  the  Hawk  chamber  is  evacuated  for  the  actual  shot.  This 
method  allows  the  vacuum  diode  A-K  gap  to  be  set  to  an  accuracy  of  ±0.5  mm.  For 
some  experiments,  the  e-beam  diode  load  was  replaced  by  a  short  circuit. 
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2.2  Diagnostics 

An  important,  new  aspect  of  this  work  was  the  implementation  of  additional 
diagnostics  to  accurately  measure  cathode  current  at  the  load  and  the  load  voltage.  In 
addition  to  the  current  and  voltage  diagnostics,  several  radiation  diagnostics  were  used 
during  e-beam  diode  shots  to  measure  bremsstrahlung.  During  shots  with  a  short  circuit 
load,  Faraday  cups  were  employed  to  obtain  a  measurement  of  axially  directed  ion  flux 
at  the  load.  This  section  describes  these  diagnostics. 

2.2.1  Current  measurements 

Current  monitors  (B-dots),  placed  in  the  anode  and  cathode  between  the  POS  and 
the  load,  were  used  in  both  the  long  and  short  POS-to-load  configurations.  Each  B-dot 
loop  consisted  of  a  single  turn  of  copper  wire  approximately  3-mm  in  radius.  The  B-dots 
were  located  inside  grooves  that  extended  around  the  entire  circumference  of  the 
cathode  and  anode.  In  the  long  POS-to-load  configuration,  four  current  monitors  were 
located  at  each  of  two  axial  locations,  two  on  the  anode  1 80°  apart  (see  Fig.  1 ),  and  two 
on  the  cathode  also  180°  apart  (see  Fig.  1).  The  azimuthal  separation  allows  a  crude 
determination  of  azimuthal  asymmetry  in  the  current  flow.  In  the  short  POS-to-load 
configuration,  four  current  monitors  were  located  at  one  axial  position,  again  two  on  the 
anode  separated  by  180°,  and  two  on  the  cathode  separated  by  180°.  Each  of  the  B-dot 
loops  provides  a  signal  proportional  to  dB/dt  at  its  particular  location.  This  signal  is  then 
numerically  integrated  and  converted  to  an  effective  current  assuming  symmetry,  /  = 
2jtrB/no-  Based  on  the  dimensions  of  the  B-dot  loops,  the  inductance  of  each  loop  is 
approximately  5-10  nH.  Together  with  the  50  £2  termination  at  the  digitizer,  this  leads  to 
a  sub-nanosecond  L/R  response  time. 

The  generator  current  is  measured  upstream  of  the  POS  using  two  independent 
methods.  First,  four  B-dot  loops,  90°  apart,  are  mounted  in  the  Hawk  chamber  door 
immediately  on  the  load  side  (downstream)  of  the  Hawk  vacuum  insulator.  The  signals 
from  these  four  probes  are  averaged  to  provide  a  signal  proportional  to  dl/dt  that  is 
integrated  numerically  to  obtain  the  generator  current.  The  second  method  is  a  shunt 
resistor  immediately  on  the  generator  side  (upstream)  of  the  Hawk  insulator.  Four 
voltage  pickoffs  90°  apart  are  added  to  obtain  a  signal  proportional  to  the  generator 
current. 

The  current  diagnostics  are  calibrated  by  charging  the  Hawk  marx  to  50  kV  (as 
opposed  to  the  usual  80  kV  charge)  and  discharging  through  a  short  circuit  load  without 
a  POS.  This  results  in  a  relatively  slow  calibration  pulse  (~1 .2ps  quarter  period).  The 
accuracy  of  the  current  measurements  is  estimated  to  be  ±5%.  All  the  signal  cables 
were  carefully  timed  to  ±1  ns.  Differences  in  cable  lengths  were  accounted  for  in 
the  analysis. 

2.2.2  Voltage  measurements 

The  Hawk  generator  voltage  is  measured  using  a  capacitive  voltage  divider13  in  oil 
just  upstream  of  the  insulator.  In  series  with  this  capacitive  voltage  divider  is  a  resistive 
divider  that  consists  of  a  single  non-inductive  film  resistor  in  series  with  the  transmission 
line,  terminated  by  a  matched  digitizer  input  impedance.  The  combination  of  capacitive 


3 


Fig.  2:  Circuit  diagram  for  the  wire  vacuum  voltmeter  used  on  Hawk. 

and  resistive  dividers  provides  a  total  voltage  division  of  293,000  to  1 .  High  frequency 
response  of  the  probe  is  roughly  500  MHz. 

Load  voltage  is  measured  directly  using  a  vacuum  voltmeter  (PSI-WM-16),  thus 
eliminating  the  uncertainty  associated  with  inductively  correcting  an  upstream  voltage 
measurement.  This  vacuum  voltmeter  consists  of  an  RC  voltage  divider  followed  by  a 
pure  resistive  voltage  divider  as  shown  in  Fig.  2.  Detailed  analysis  of  the  circuit 
response  for  this  type  of  voltage  divider  may  be  found  elsewhere.14  The  RC  divider 
consists  of  a  stack  of  alternating  insulator  rings  and  gradient  (aluminum)  rings  concentric 
with  a  nylon  rod  all  mounted  on  an  aluminum  base  plate  (the  ground  side  of  the 
voltmeter).  The  volume  between  the  nylon  rod  and  the  insulator  stack  is  filled  with  a 
solution  of  approximately  2  g/l  sodium  thiosulfate  (NaaSQ*)  in  deionized  water  resulting 
in  an  insulator-stack  resistivity  of  roughly  700  £5  (measured  with  a  resistive  bridge  at  1 
kHz).  A  tap-off  electrode  in  the  nylon  center  rod  at  the  base  of  the  voltmeter  measures 
the  RC  divided  voltage  and  leads  to  the  tap-off  stem  at  the  center  of  the  nylon  rod.  The 
tap-off  stem  contains  a  2235-Q  resistor  which,  in  series  with  the  transmission  line  and 
terminated  by  the  50-£2  digitizer  input  impedance,  provides  an  additional  voltage  division. 
The  voltmeter  was  calibrated  in  situ  using  a  Spire  pulser  to  generate  a  700-V,  100-ns, 
square  pulse,  with  a  risetime  of  5  ns.  The  resulting  calibration  factor  was  9,260  VA/. 

A  comparison  of  a  typical  load  voltage  signal,  measured  using  the  wire  voltmeter, 
with  the  corresponding  POS  voltage,  calculated  by  inductively  correcting  the  upstream 
voltage  measurement  to  the  upstream  edge  of  the  POS  injection  region,  is  shown  in  Fig. 
3.  It  can  be  see  from  this  figure  that  the  wire  voltmeter  signal  agrees  with,  but  is  much 
less  noisy  than,  the  inductively  corrected  signal.  The  ~10-ns  time  difference  between 
the  initial  rise  of  the  POS  voltage  and  wire  voltmeter  signal  is  associated  with  POS-to- 
load  power  flow  phenomena  discussed  in  Secs.  3.1.1  and  3.2.1.  This  crosscheck  of  the 
measured  load  voltage  against  the  calculated  POS  voltage  tends  to  confirm  that  the  wire 
voltmeter  provides  accurate,  low  noise  measurement  of  the  load  voltage. 
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Fig.  3:  Comparison  of  wire  voltmeter  signal  with  the  calculated  POS  voltage  from  a  Hawk 
diode  shot  with  the  short  POS-to-load  configuration. 

2.2.3  X-ray  measurements 

X-rays  were  detected  with  a  variety  of  radiation  detectors.  A  scintillator-photodiode 
(SPD)  combination  was  used  to  measure  the  x-ray  time  history.  It  consisted  of  a  1  -in 
thick  by  2-in  diameter  fast-response,  organic  scintillator  mounted  on  a  2-in  diameter, 
single-stage  phototube.  The  SPD  was  fielded  inside  a  lead  “pig”  (26  mm  thick  walls) 
with  a  1 .3-cm  diameter  aperture  and  filtered  with  20  mils  of  aluminum.  The  SPD  was 
placed  1  m  from  the  Hawk  tantalum  converter  package,  and  was  biased  to  -2000  V.  The 
response  of  the  SPD  expressed  as  the  ratio  of  absorbed  photon  energy  to  incident 
photon  energy,  varies  from  5%  at  photon  energies  of  50  keV  to  8%  at  photon  energies  of 
700  keV.  Thus,  the  SPD  signal  is  very  nearly  proportional  to  the  radiated  energy.  Also, 
an  unfiltered,  end-viewing  pinhole  camera  (located  approximately  1  m  from  the  tantalum 
converter)  was  used  to  obtain  a  time-integrated  bremsstrahlung  photograph.  The  18-mil 
diameter  pinhole  in  the  end-viewing  camera  was  positioned  to  provide  a  4:1 
demagnification  on  the  film.  An  unfiltered,  time-integrated,  side-viewing  pinhole  camera 
was  also  employed  to  look  at  bremsstrahlung  produced  by  high-energy  electrons  striking 
the  anode  (outer  conductor)  between  the  POS  and  the  e-beam  diode  load.  For  the  side¬ 
viewing  camera,  the  18-mil  diameter  pinhole  was  positioned  to  provide  roughly  6:1 
demagnification  of  the  image  on  the  film.  Both  Polaroid  type  52  (400  ASA)  and  type  57 
(3000  ASA)  film  with  intensifier  screens  were  used  in  the  pinhole  cameras. 

TLD’s  were  employed  on  all  diode  shots  to  obtain  a  time  integrated  dose 
measurement.  CaF2:Mn  TLD’s  were  used  because  their  dose-response  is  similar  to  that 
of  silicon  and  they  are  much  more  sensitive  than  LiF  TLD’s.  Five  square  (4  mm  x  4  mm 
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x  1  mm),  CaF2:Mn  TLD  chips  in  aluminum  holders  were  mounted  on  the  front  face  of  the 
Hawk  vacuum  chamber.  One  was  placed  at  the  e-beam  diode  axis,  while  the  other  four 
were  located  at  the  diode-cathode  radius  (5  cm)  and  separated  azimuthally  by  90°.  The 
TLD’s  were  calibrated  by  exposing  them  at  a  rate  of  60  R/hr  with  a  Co-60  source  for  17.1 
hr,  and  then  reading  them  out  on  a  Harshaw  model  2000  TLD  reader.  For  the  1 .25-MeV 
Co-60  gamma-rays,  a  conversion  factor  of  1 .0  relates  the  absorbed  dose  in  CaF2:Mn  to 
the  absorbed  dose  in  silicon.  However,  for  the  lower  energies  expected  on  Hawk  (a  few 
hundred  keV),  CaF2:Mn  is  more  sensitive  than  silicon.  Rather  than  performing  a  detailed 
analysis  of  the  TLD  spectral  response,  it  was  assumed  that  the  Hawk  spectrum  could  be 
represented  as  monoenergetic  at  an  average  energy  equal  to  one-fifth  of  the  endpoint 
energy.  For  typical  endpoint  energies  expected  on  this  Hawk  run  (600-800  keV)  a  factor 
of  0.85  converts  from  absorbed  dose  in  CaF2:Mn  to  absorbed  dose  in  silicon.  The 
calibration  factor  for  the  square  CaF2:Mn  TLD  chips  is  approximately  21  rad(Si)/pC. 

2.2.4  Axially  directed  ion  flux  measurements 

In  addition  to  e-beam  diode  shots,  some  shots  were  taken  with  a  short  circuit  load. 
For  these  shots,  large-area  aperture  Faraday  cups  with  no  electrical  bias  were  placed 
behind  holes  in  the  short-circuit  plate  in  order  to  detect  axially-moving  ions  reaching  the 
load  (see  Fig.  1 ).  Previously,  small-area  aperture,  electrically  biased  Faraday  cups  were 
used  in  both  short-  and  long-conduction  time  experiments.  ■ 16,17  In  the  Faraday  cups, 
the  ion  current  passing  through  a  5-mm  diameter  aperture  generates  a  voltage  across  a 
64-m£2  resistor  connected  to  ground.  This  voltage  is  measured  and  converted  to  ion 
current  density.  An  applied  magnetic  field  from  permanent  magnets  inside  the  Faraday 
cups  inhibits  collection  of  electrons  and  emission  of  secondaries,  eliminating  the  need 
for  a  negative  electrical  bias.  The  Faraday  cups  were  removed  for  e-beam  diode  shots. 

2.3  System  operation 

Data  for  a  typical  Hawk  shot  (#2876),  including  generator  and  load  currents,  load 
voltage,  and  x-rays,  are  shown  in  Fig.  4.  A  short  POS-to-load  configuration  was  used  for 
this  POS-driven  e-beam  diode  shot  at  640-kV  erected  marx  voltage  (80-kV  charge).  All 
the  results  presented  in  this  report  will  be  for  this  mane  voltage.  The  e-beam  diode  A-K 
gap  was  10.4  mm,  and  the  conduction  time  (defined  as  the  time  from  when  the 
generator  current,  /gen>  begins  to  rise  until  voltage  begins  to  rise  on  the  load  voltmeter) 
was  roughly  520  ns.  The  generator  current  starts  to  rise  at  time,  t=0.  The  load  anode 
current  shown  in  Fig.  4  is  the  average  of  the  two  azimuthally  separated  current  monitors 
on  the  anode,  while  the  load  cathode  current  is  the  average  of  the  two  azimuthally 
separated  current  monitors  on  the  cathode.  Because  no  systematic  azimuthal 
asymmetries  were  observed  from  the  B-dot  signals,  only  the  average  of  azimuthally 
separated  B-dot  signals  will  be  shown  in  all  that  follows,  unless  otherwise  noted.  In  Fig. 
4,  the  load  current  measured  on  the  anode  rises  simultaneously  with  the  load  voltage, 
while  the  load  current  measured  on  the  cathode  and  the  radiation  signal  rise  slightly 
later.  The  time  difference  between  the  arrival  of  load  current  along  the  anode  and  the 
cathode  was  not  the  same  for  all  conduction  times  or  A-K  gaps.  The  variation  in  current 
arrivals  will  be  discussed  in  detail  in  Sec.  3.1 .1  and  3.2.1 . 

The  load  voltage  rises  to  roughly  700  kV,  and  maintains  this  high  value  for  roughly  80 
ns.  During  the  voltage  pulse,  the  difference  between  the  load  current  measured  at  the 
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Fig.  4:  Hawk  current,  voltage,  and  radiation  data  for  a  typical  e-beam  diode  load  shot  in  the 
short  POS-to-load  configuration. 

anode  and  the  generator  current,  roughly  equal  to  100  kA  in  Fig.  4,  represents  current 
loss  between  the  switch  and  the  load.  Similarly,  the  difference  between  the  anode  load 
current  and  the  cathode  load  current,  more  than  100  kA  in  Fig.  4,  represents  electron- 
flow  current  at  the  axial  location  of  these  current  monitors. 

As  mentioned  in  section  2.1,  the  conduction  time  was  varied  by  adjusting  the  delay 
between  the  trigger  for  the  capacitors  which  drive  the  cable-gun  POS  plasma  sources 
and  the  trigger  for  the  Hawk  marx  bank.  The  actual  observed  delay  was  determined 
from  the  time  difference  between  the  initial  rise  of  the  doghouse  current  signals  and  the 
initial  Hawk  generator  voltage  signal.  Fig.  5  shows  the  observed  delay,  dkbs,  versus  set 
delay,  d4et,  for  a  series  of  Hawk  discharges  in  a  conduction  time  scan  for  both  long  and 
short  POS-to-load  lengths  and  a  variety  of  A-K  gaps.  The  equation  for  the  least- 
squares,  best-fit  line  through  the  data  in  Fig.  5  is  d/obs  =  1  -03  dfset  +  0.54  jus.  The  jitter  in 
the  observed  delay,  determined  from  the  root-mean-square  deviation  of  the  data  in  Fig. 
5  from  the  best-fit  line,  is  ±50  ns  (shown  as  dashed  lines  in  Fig.  5).  One  data  point  in 
Fig.  5  falls  well  outside  the  rms  deviation.  The  cause  of  this  anomalous  data  point  is  not 
known.  One  possibility  is  that  noise  in  the  trigger  cabling  caused  the  orthometrics 
channel  to  pre-fire. 

The  effect  of  this  pulsed  power  jitter  on  the  conduction  time  jitter  can  be  investigated 
by  plotting  the  conduction  time  versus  the  observed  delay  for  the  same  data  used  in  Fig. 
5.  This  is  shown  in  Fig.  6,  along  with  a  typical  cable-gun  source  current  waveform.  As 
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Fig.  5:  Observed  delay,  dtobs,  versus  set  delay,  dtseb  between  firing  the  POS  cable  guns  and 
firing  Hawk.  The  solid  line  is  a  linear  fit  to  the  data. 

expected,  the  data  in  this  figure  show  an  increasing  conduction  time  as  the  observed 
delay  is  increased.  However,  an  unexpected  result  is  the  sudden,  sharp  increase  in 
conduction  time  at  an  observed  delay  between  2.8  ps  and  3.0  ps.  The  conduction  time 
is  much  more  sensitive  to  small  changes  in  observed  delay  between  2.8  ps  and  3.0  ps 
than  to  changes  outside  this  range  of  observed  delay.  We  will  look  at  a  possible 
explanation  for  this  behavior  in  Sec.  4.5. 

2.4  Effect  of  diode  anode  composition  on  load  performance 

A  series  of  Hawk  shots  was  performed  to  investigate  the  effect  of  varying  the  e-beam 
diode  anode  material.  Three  types  of  load  anode  were  tested:  a  stainless  steel  plate,  a 
1-mil  thick  tantalum  foil  covered  on  the  cathode-facing  side  with  0.25-mil  thick  aluminum 
foil,  and  a  bare  1  -mil  thick  tantalum  foil.  Hawk  shots  were  taken,  both  with  and  without  a 
POS,  using  each  of  the  three  diode  anode  types.  The  diode  impedance  is  calculated  as 
the  load  voltage  (from  the  wire  voltmeter)  divided  by  the  average  of  the  two  load  cathode 
current  signals.  Diode  impedance  histories  for  each  type  of  diode  anode  for  a  shot  with 
no  POS  are  shown  in  Fig.  7.  The  A-K  gap  was  held  constant  at  5  mm  for  all  three  shots 
compared  in  Fig.  7.  For  all  shots,  the  zero  of  time  is  the  start  of  the  Hawk  generator 
current.  The  diode  impedance  with  the  bare  tantalum  anode  decreases  earlier  and  is 
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Fig.  6:  Conduction  time  versus  observed  delay  between  the  doghouse  trigger  and  the  Hawk 
marx  trigger. 

significantly  lower  than  the  impedance  with  either  the  covered  tantalum  or  the  stainless 
steel  anode,  which  are  roughly  equivalent  to  each  other.  The  onset  of  impedance 
collapse  is  earlier  with  the  bare  tantalum.  This  behavior  for  the  bare  tantalum  foil  may 
result  from  the  release  of  surface  impurities  when  the  diode  starts  to  carry  current. 
These  impurities  may  become  ionized,  leading  to  plasma  in  the  load,  and  that  may  result 
in  a  reduced  effective  A-K  gap  and/or  rapid  diode  closure.  Since  the  high  atomic 
number  of  tantalum  relative  to  stainless  steel  makes  it  much  more  efficient  at  producing 
bremsstrahlung,  the  aluminum  covered  tantalum  foil  is  preferable  to  stainless  steel  (at 
equal  diode  impedance)  for  the  applications  of  interest. 

When  a  POS  was  used  for  the  same  5  mm  diode  A-K  gap,  the  impedance  behavior 
with  the  bare  tantalum  anode  improved,  and  appeared  to  be  no  different  from  that  with 
the  stainless  steel  or  aluminum-covered  tantalum  anode.  This  suggests  that  for  shots 
with  a  POS,  impurities  in  the  tantalum  do  not  have  enough  time  to  be  released  into  the 
gap  region  before  impedance  collapse  occurs.  Although  there  were  no  obvious 
deleterious  effects  on  diode  behavior  when  a  bare  tantalum  anode  was  used  on  POS 
shots,  it  is  desirable  to  minimize  any  impurities  at  the  load.  Therefore,  the  tantalum 
covered  with  0.25-mil  aluminum  was  utilized  as  the  load  anode  for  all  the  Hawk  data 
presented  in  this  paper. 
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Fig.  7:  Impedance  histories  for  non-POS  Hawk  shots  with  three  different  diode  anodes,  t  =  0  is 
the  start  of  the  Hawk  current. 

3.  Experimental  results 

In  this  section,  the  results  of  conduction  time  scans  and  A-K  gap  scans  in  both  short 
and  long  switch-to-load  configurations  are  presented. 

3.1  Variation  of  conduction  time 

The  POS  conduction  time  was  varied  for  a  fixed  10.4-mm  A-K  gap  load  in  both  the 
long  and  short  POS-to-load  configurations  (some  data  for  a  short  circuit  load  will  also  be 
shown). 

3.1 .1  Results  from  electrical  diagnostics 

Load  voltage  and  current  trends  with  varying  conduction  time  are  shown  in  Fig.  8(a) 
and  Fig.  8(b)  for  the  long  and  short  POS-to-load  lengths,  respectively.  The  current  and 
voltage  data  in  these  figures  represent  values  at  the  time  of  peak  load  power,  where 
load  power  is  calculated  as  the  product  of  load  anode  current  and  load  voltage.  Data 
for  the  longer  POS-to-load  configuration,  shown  in  Fig.  8(a),  indicate  that  for  short 
conduction  times  (~0.2  ps),  load  anode  and  cathode  currents  at  the  time  of  peak  load 
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Fig.  8:  Load  voltage  (filled  circles),  load  anode  current  (filled  triangles),  and  load  cathode 
current  (open  triangles)  at  the  time  of  peak  load  power  versus  conduction  time  for  (a)  the  long 
POS-to-load  configuration  and  (b)  the  short  POS-to-load  configuration. 

power  are  small  (approximately  150  kA  and  90  kA  respectively).  Load  anode  current,  h, 
is  observed  to  increase  steadily  as  the  conduction  time  is  increased,  reaching  a 
maximum  value  of  just  under  300  kA  for  conduction  times  near  0.9  ps.  The  load  cathode 
current,  /*,  remains  fairly  constant  at  approximately  100  kA.  At  conduction  times  longer 
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Fig.  9 :  Flow  current,  at  the  time  of  peak  load  power,  versus  conduction  time  for  the  long  POS- 
to-load  configuration  (open  circles)  and  the  short  POS-to-load  configuration  (filled  triangles). 

than  0.5  ps,  Fig.  8(a)  indicates  a  drop  in  load  voltage,  VL,  that  results  in  reduced  diode 
power.  The  most  significant  difference  in  the  data  for  the  shorter  POS-to-load 
configuration  shown  in  Fig.  8(b),  is  the  sudden  transition,  at  conduction  times  just  above 
0.5  ps,  to  low  impedance  behavior.  This  is  indicated  by  the  sudden  drop  in  load  voltage 
concurrent  with  the  increase  in  load  anode  and  cathode  currents.  This  sudden  drop  in 
voltage  (and  impedance)  suggests  that  plasma  is  reaching  the  load  at  long  conduction 
times  and  influencing  the  diode  behavior  in  the  shorter  POS-to-load  configuration. 

The  flow  current  is  computed  as  the  difference  between  the  load  anode  and  load 
cathode  currents.  The  flow  current  at  the  time  of  peak  load  power  is  plotted  versus 
conduction  time  in  Fig.  9  for  both  the  long  and  short  POS-to-load  configurations.  The 
flow  current  varies  from  approximately  50  kA  at  short  conduction  times  (-0.2  ps)  up  to 
200  kA  at  a  conduction  time  of  0.95  ps.  Although  there  is  a  fair  amount  of  scatter  in  the 
data,  flow  current  does  not  appear  to  be  affected  by  the  POS-to-load  distance. 

Fig.  10  shows  the  peak  diode  power,  PL,  versus  conduction  time,  xc,  for  both  long  and 
short  POS-to-load  configurations.  The  circles  correspond  to  the  long  POS-to-load 
distance  while  the  triangles  correspond  to  the  short  POS-to-load  distance.  The 
conduction  time  corresponding  to  peak  power  is  roughly  0.52  ps.  For  greater  xc,  the  load 
power  decreases  because  the  load  voltage  decreases,  as  can  be  observed  in  Fig.  8(a) 
and  Fig.  8(b).  For  lower  Xc,  the  load  power  decreases  because  the  generator  current  is 
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Fig.  10:  Peak  diode  power  versus  conduction  time  for  both  the  long  (circles)  and  short 
(triangles)  POS-to-load  configurations. 


smaller  at  opening,  leading  to  smaller  load  currents.  From  the  data  in  Fig.  10,  we  see 
that  the  shorter  POS-to-load  configuration  generally  yields  higher  diode  power  than  the 
long  POS-to-load  configuration,  particularly  near  the  optimum  conduction  time  for 
maximum  diode  power.  By  comparing  Ia  and  VL  in  Fig.  8(a)  and  Fig.  8(b),  one  can 
conclude  that  the  reason  for  the  higher  power  in  the  short  POS-to-load  case  is  a 
combination  of  higher  VL  and  higher  Ia. 

The  optimum  conduction  time  of  0.5  -  0.6  ps  in  the  short  POS-to-load  configuration  is 
significantly  shorter  than  the  -0.8  -  0.9  ps  optimum  observed  in  previous  Hawk 
experiments  with  flashboard  POS’s.1,7,8  This  lower  optimum  conduction  time  results  in 
significantly  lower  conduction  current  (~  400  kA  versus  -  700  kA)  and  peak  electrical 
power  delivered  to  the  load  (~  240  GW  versus  -400  GW).  In  addition  to  the  source  of 
the  POS  plasma,  there  are  several  differences  between  the  short  switch-to-load  cable 
gun  POS  experiments  and  past  flashboard  POS  experiments.  First,  the  POS-to-load 
distance  was  25  cm  with  the  flashboard  POS  versus  33  cm  with  the  cable  gun  POS. 
Second,  the  diode  voltage  at  peak  power  was  not  directly  measured  in  the  flashboard 
POS  experiments,  but  was  inferred  from  an  inductive  correction  of  the  upstream  voltage 
measured  at  the  insulator.  Third,  the  diode  anode  consisted  of  a  stainless  steel  plate  in 
the  flashboard  POS  experiments,  while  it  consisted  of  an  aluminum  covered  tantalum  foil 
in  the  cable  gun  POS  experiments.  Finally,  the  radial  electrode  separation  in  the  POS 
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region  was  2.5  cm  followed  by  4  cm  in  the  flashboard  POS  experiments,  while  it  was  a 
constant  3.6  cm  in  the  cable  gun  POS  experiments.  Some  combination  of  these 
differences  may  be  partly  or  totally  responsible  for  the  disparity  in  peak  power. 

Time  differences  between  the  arrival  of  current  and  voltage  signals  at  the  load 
provide  further  insights  into  the  behavior  of  the  opening  switch.  Fig.  1 1  shows  generator 
current,  both  downstream  cathode  currents,  both  downstream  anode  currents,  and  load 
voltage  as  functions  of  time  for  three  long  POS-to-load  Hawk  shots  using  a  short  circuit 
load.  The  subscripts  1  and  2  refer  to  B-dot  monitors  near  the  POS  and  near  the  load, 
respectively.  Three  different  conduction  times  are  shown.  For  all  three  conduction 
times,  both  cathode  current  monitors,  the  load  voltage  monitor  and  the  downstream 
anode  current  monitor  all  begin  to  see  signal  at  the  same  time.  This  suggests  that  an 
opening  occurs  in  the  POS  plasma,  and  current  is  transferred  to  the  short  circuit  load 
within  the  time  required  for  an  electromagnetic  pulse  moving  at  or  near  the  speed  of  light 
to  travel  from  the  location  of  POS  opening  to  the  load.  However,  as  conduction  time 
increases,  the  first  anode  current  signal  rises  earlier  relative  to  the  other  current  and 
voltage  signals.  This  suggests  the  propagation  of  a  current  sheet  past  the  first  anode 
current  monitor  prior  to  POS  opening  for  moderate  to  long  conduction  times.  The  small 
load  voltage  (~a  few  10’s  of  kV)  is  consistent  with  inductive  voltage  pickup  as  the  POS 
opens  and  current  is  shunted  to  the  short  circuit  load.  Note  that  the  current  transfer  is 

nearly  1 00%.  .  , 

Having  considered  arrival  time  differences  for  electrical  signals  with  a  short  circuit 
load,  we  next  consider  the  behavior  with  a  diode  load.  Fig.  12  shows  the  generator 
current,  both  downstream  anode  currents,  both  downstream  cathode  currents,  and  load 
voltage  as  functions  of  time  for  three  long  POS-to-load  Hawk  shots  with  different 
conduction  times.  One  can  notice  significant  differences  as  conduction  time  increases  in 
terms  of  the  arrival  time  of  each  of  the  signals.  For  short  conduction  times,  xc~160  ns 
[Fig.  12(a)],  the  load  voltage  rises  before  any  of  the  anode  or  cathode  current  signals 
begin  to  rise.  This  indicates  that  the  POS  opened  (generated  a  voltage)  before  POS 
plasma  and  its  associated  current  reached  the  axial  location  of  the  first  anode  and 
cathode  current  monitors  (/a/and  hi  respectively)  at  z  =  20  cm  from  the  POS  (see  Fig.  1 ). 
Also,  the  voltage  generated  immediately  after  POS  opening  is  not  high  enough  for  diode 
emission  to  occur.  When  VL  ~  100  kV  all  the  anode  and  cathode  currents  (with  the 
possible  exception  of  lai)  rise  simultaneously.  This  suggests  that  an  opening  occurs  in 
the  POS  plasma,  and  current  is  transferred  to  the  diode  load  within  the  time  required  for 
an  electromagnetic  pulse  moving  at  or  near  the  speed  of  light  to  travel  from  the  location 
of  POS  opening  to  the  load. 

Near  the  optimum  conduction  time  [Fig.  12(b):  tc~540  ns],  the  load  voltage  and  the 
first  anode  current  ( hi )  rise  simultaneously,  while  the  other  anode  and  cathode  currents 
rise  later.  It  is  possible  that  the  POS  opens  at  the  axial  location  of  the  first  anode  current 
monitor,  nearly  25  cm  upstream  of  the  vacuum  voltmeter  location  (see  Fig.  1).  The  time 
difference  between  the  rise  of  the  first  and  second  anode  current  signals  (-20  ns) 
suggests  propagation  of  a  resistive  current  channel  at  a  speed  of  -0.9  cm/ns  along  the 
anode,  similar  to  previous  observations.8,19  The  voltage  generated  across  the 
propagating  current  channel  is  too  low  for  diode  emission  to  occur.  The  second  anode- 
current-monitor  (Ia2)  and  first  cathode-current-monitor  (hi)  signals  rise  at  approximately 
the  same  time,  suggesting  that  the  propagating  current  flow  is  not  purely  radial  between 
the  electrodes  (i.e.  there  is  an  axial  component  to  the  current  streamlines).  The  second 
cathode  current  signal  (hi)  rises  -10  ns  after  the  second  anode  current  signal,  implying 
that  diode-emission  current  begins  about  the  time  that  the  propagating  current  channel 
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Fig.  11  :  Anode  and  cathode  currents  (both  at  two  axial  locations),  and  load  voltage  traces  for 
three  different  conduction  times  on  Hawk  in  the  long  POS-to-load  configuration  with  a  short-circuit 
load. 

reaches  the  load.  It  is  about  this  time  that  the  load  voltage  and  current  begin  to  rise  to 
their  peaks  and  bremsstrahlung  radiation  is  produced. 

An  estimate  of  the  ion  number  density  in  the  propagating  current  sheet  may  be 
obtained  by  equating  the  inferred  0.9  cm/ns  propagation  speed  to  the  Alfven  speed. 
Assuming  a  magnetic  field  at  the  anode  associated  with  Iai  and  an  average  mass 
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Fig.  12:  Anode  and  cathode  currents  (both  at  two  axial  locations),  and  load  voltage  traces  for 
three  different  conduction  times  on  Hawk  in  the  long  POS-to-load  configuration  with  a  diode  load. 
A-K  gap  is  fixed  at  1 0.4  mm  for  all  three  shots. 
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number  of  14  (see  Sec.  4.5.2),  one  arrives  at  a  density  for  the  plasma  current  channel  of 
-1011  cm'3.  This  is  -0.01%  of  the  initial  measured  electron  density  in  the  POS.6 

For  the  longest  conduction  time  case  [Fig.  12(c):  xc~915  ns],  the  first  anode  current 
trace  shows  a  slow  rising  foot  that  begins  before  the  load  voltage.  The  load  voltage 
begins  just  before  or  at  the  same  time  that  signals  are  observed  on  the  second  anode 
current  monitor  and  the  first  cathode  current  monitor.  The  time  difference  between  the 
rise  of  the  first  and  second  anode  current  signals  (-50  ns)  suggests  the  propagation  of  a 
non-resistive  current  channel  at  a  speed  of  0.32  cm/ns  along  the  anode,  significantly 
slower  than  the  propagation  speed  of  the  resistive  current  channel  for  the  optimum 
conduction  time.  This  behavior  suggests  that  the  current  channel  becomes  resistive  (in 
a  sense  opening  occurs)  at  approximately  the  same  time  as  it  reaches  the  axial  location 
of  the  second  anode  current  monitor  or,  possibly,  the  load.  The  signal  on  the  second 
cathode  current  monitor  rises  -10  ns  after  the  start  of  the  main  voltage  pulse,  implying 
that  diode-emission  begins  after  the  current  channel  reaches  the  load.  The  slow  rising 
foot  on  the  voltage  trace  may  be  a  result  of  the  inductive  voltage  associated  with  the 
current  channel  moving  past  the  location  of  the  wire  voltmeter. 

Fig.  13  shows  downstream  current  and  voltage  measurements  for  short  POS-to-load 
configuration  Hawk  shots  at  three  different  conduction  times.  The  results  are  similar  to 
those  observed  in  the  long  POS-to-load  configuration.  For  short  conduction  times  [Fig. 
13(a)],  the  load  voltage  begins  to  rise  before  either  of  the  load  current  monitors  start  to 
indicate  current,  and  the  load  anode  and  cathode  current  signals  rise  simultaneously. 
Closer  to  the  optimum  conduction  time  [Fig.  13(b)],  the  load  anode  current  signal  rises 
simultaneously  with  the  load  voltage,  while  the  load  cathode  current  signal  begins  to  rise 
several  nanoseconds  later.  At  long  conduction  times  [Fig.  13(c)],  the  load  anode  current 
begins  to  rise  slightly  before  the  load  voltage,  while  the  load  cathode  current  rises  at  the 
time  the  load  voltage  begins  to  rise  sharply. 

3.1 .2  Results  from  radiation  diagnostics 

The  spatial  distribution  of  current  losses  in  the  POS-to-load  region  can  be  determined 
from  x-ray  images  in  Fig.  14,  in  which  side-viewing,  time-integrated  pinhole  photographs 
are  compared  for  the  long  and  short  POS-to-load  lengths.  The  top  x-ray  image  is  from 
shot  2834,  a  long  POS-to-load  shot,  while  the  bottom  image  is  from  shot  2876,  a  short 
POS-to-load  shot.  As  the  photographs  are  time  integrated,  they  do  not  indicate  when 
the  current  losses  occur.  However,  these  losses  most  likely  occur  after  POS  opening 
when  there  is  high  voltage  on  the  load.  The  x-ray  image  for  shot  2834  shows  that  some 
current  is  lost  along  the  POS-to-load  anode  in  the  long  POS-to-load  configuration. 
These  losses  can  be  reduced  by  moving  the  load  closer  to  the  opening  switch  and 
thereby  allowing  more  current  to  reach  the  load,  as  seen  by  comparing  the  pinhole 
camera  result  for  shot  2876  to  that  for  shot  2834  in  Fig.  14.  Higher  load  current  and 
consequently  a  higher  diode  voltage  and  power  result  for  the  short  POS-to-load 
configuration  (234  GW  versus  148  GW).  In  the  x-ray  image  from  shot  2834,  emission 
starts  at  the  same  axial  distance  from  the  POS  as  it  does  in  the  image  from  shot  2876. 
Therefore,  current  losses  appear  to  occur  over  a  smaller  area  for  the  short  than  for  the 
long  POS-to-load  configuration.  Also  in  Fig.  14,  the  side-viewing  pinhole  camera 
photograph  for  the  short  POS-to-load  configuration  suggests  increased  emission  from 
the  load  region,  when  compared  to  the  side-viewing  pinhole  camera  photograph  for  the 
long  POS-to-load  configuration.  The  issue  of  current  losses  in  the  long  and  short  POS- 
to-load  configurations  will  be  revisited  in  Sec.  4.3. 

An  interesting  trend  is  observed  in  the  side-viewing  pinhole  camera  pictures  for  the 
long  POS-to-load  case.  Fig.  15  is  a  set  of  such  pinhole  camera  photographs  for  a 
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Fig.  1 3:  Load  anode  current,  load  cathode  current  and  load  voltage  traces  at  three  different 
conduction  times  on  Hawk  in  the  short  POS-to-load  configuration  with  a  diode  load.  A-K  gap  is 
fixed  at  10.4  mm  for  all  three  shots. 
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Fig.  14:  Side-viewing  x-ray  pinhole  photographs  for  both  the  long  and  short  POS-to-load 
configurations  with  similar  conduction  times. 

sequence  of  shots  with  conduction  times  ranging  from  0.2  ps  to  0.91  ps. 
Bremsstrahlung  emission  observed  in  these  side-viewing  pinhole  photographs  suggests 
that  high-energy  electrons  strike  the  anode  region  between  the  POS  and  the  load  at 
progressively  increasing  axial  distances  from  the  original  POS  location  as  the  conduction 
time  increases.  This  behavior  may  indicate  that  the  location  of  POS  opening  occurs 
farther  downstream  as  the  conduction  time  is  increased,  and  will  be  discussed  and 
analyzed  in  more  detail  in  Sec.  4.6. 

Fig.  16  shows  end-viewing  x-ray  pinhole  photographs  from  several  shots  in  the  short 
POS-to-load  configuration  with  conduction  times  ranging  from  0.2  ps  to  0.95  ps.  At 
conduction  times  less  than  0.52  ps,  where  maximum  power  is  achieved  (see  Fig.  10), 
pinching  of  the  electron  beam  is  observed  with  the  brightest  emission  occurring  inside 
the  cathode  radius.  For  conduction  times  greater  than  0.52  ps,  a  sudden  transition  to  a 
non-pinching  beam  is  observed  with  much  of  the  brightest  emission  occurring  outside 
the  radius  of  the  cathode.  Note  that  in  Fig.  16,  the  3000  ASA  film  is  shown  for 
conduction  times  >  0.52  ps,  while  400  ASA  film  is  shown  for  conduction  times  <  0.52  ps 
(i.e.  the  film  shown  for  zc  >0.52ps  is  7.5  times  more  sensitive  than  the  film  shown  for 
zc  <0.52ps).  The  reason  that  the  more  sensitive  (3000  ASA)  film  is  shown  in  Fig.  16 
for  tc  >  0.52  ps  is  that  the  400  ASA  film  was  completely  dark.  This  implies  that  much 
less  radiation  was  produced  for  xc  >  0.52  ps.  The  transition  from  a  pinching  beam  for 
zc  <  0.52  ps  to  a  non-pinching  beam  for  zc  >  0.52  ps  suggests  that  plasma  is 
influencing  the  diode  behavior  at  long  conduction  times  with  the  short  POS-to-load 
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Fig.  15:  Side-viewing  x-ray  pinhole  photographs  for  several,  different  conduction  times  on 
Hawk  with  the  long  POS-to-load  configuration. 
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Fig.  16:  End-viewing  x-ray  pinhole  camera  images  for  several  different  conduction  times  for 
the  short  POS-to-load  configuration  showing  sharp  transition  from  electron  beam  pinching.  The 
cathode  radius  is  indicated  by  the  dashed  circle  in  each  photograph.  Note  that  the  film  shown  for 

Tc  <  0.52 (is  is  7.5  times  less  sensitive  than  that  shown  for  Tc  >  0.56 ps . 

configuration,  and  is  consistent  with  the  observation  of  rapid  voltage  decrease  at 
tc  >  0.52  ps  shown  in  Fig.  8(b).  This  point  will  be  discussed  further  in  Sec.  4.1. 

The  peak  scintillator  photodiode  (SPD)  signal  is  plotted  versus  conduction  time  in  Fig. 
17  for  both  switch-to-load  configurations.  The  SPD  signal  is  largest  near  the  optimum 
conduction  time  of  0.52  ps.  Also,  the  short  switch-to-load  configuration  yields  a  higher 
SPD  signal  than  the  long  switch-to-load  configuration  These  results  are  consistent  with 
the  higher  diode  power  inferred  for  the  short  switch-to-load  configuration  at  the  optimum 
conduction  time  (Fig.  10).  As  conduction  time  is  increased  above  0.52  ps,  the  peak  SPD 
signal  in  the  short  POS-to-load  configuration  drops  sharply,  falling  below  the  signal 
obtained  for  the  long  POS-to-load  configuration.  However,  the  diode  power  inferred  from 
current  and  voltage  signals,  as  shown  in  Fig.  10,  is  still  higher  for  the  short  POS-to-load 
case  than  for  the  long  POS-to-load  case.  Comparing  Fig.  17  with  Fig.  8(a),  Fig.  8(b), 
and  Fig.  1 0,  it  is  noted  that  the  trends  of  SPD  signal  with  conduction  time  for  both  switch- 
to-load  configurations  resemble  more  closely  the  respective  trends  of  voltage  with 
conduction  time  than  the  trends  of  diode  power  with  conduction  time.  For  example,  the 
sharp  drop  in  diode  voltage  for  the  short  POS-to-load  configuration  at  conduction  times 
greater  than  0.52  ps  has  a  severe  detrimental  effect  on  the  peak  x-ray  signal.  This 
strongly  suggests  that  the  radiated  x-ray  energy  is  not  directly  proportional  to  the  diode 
power,  but  depends  more  strongly  on  the  diode  voltage.  This  point  will  be  discussed 
further  in  Sec.  4.2. 

A  plot  of  the  SPD  signal  full-width-at-half-maximum  (FWHM)  versus  conduction  time 
is  shown  in  Fig.  18.  At  conduction  times  shorter  than  0.6  ps,  the  FWHM  for  the  long 
POS-to-load  configuration  is  usually  greater  than  the  FWHM  for  the  short  POS-to-load 
configuration.  One  possible  explanation  for  this  is  that  the  transit  time  for  the  POS 
plasma  to  reach  the  load  is  greater  for  the  long  POS-to-load  configuration,  thus  giving 
more  time  between  POS  opening  and  diode  shorting  by  POS  plasma.  The  scatter  in  the 
FWHM  data  makes  it  difficult  to  draw  any  further  conclusions.  Also,  since  the  shape  of 
the  SPD  signal  was  not  always  triangular,  the  FWHM  is  not  very  useful  in  calculating  the 
energy  in  the  radiation  pulse. 

One  way  to  estimate  the  total  energy  in  the  radiation  pulse  is  to  integrate  the  SPD 
signal.  A  plot  of  the  integral  of  the  SPD  signal  versus  conduction  time  for  both  POS-to- 
load  configurations  is  shown  in  Fig.  19.  In  this  figure,  the  integral  of  the  SPD  signal  is 
plotted  as  an  open  circle,  while  the  average  of  the  five  TLD  readings  is  plotted  for 
comparison  as  a  cross.  In  both  the  long  POS-to-load  configuration  [Fig.  19(a)]  and  the 
short  POS-to-load  configuration  [Fig.  19(b)],  the  trends  in  the  SPD  signal  integral  are 
very  similar  to  those  for  the  average  TLD  reading.  The  peak  in  both  measurements 
occurs  at  approximately  0.5  ps.  In  the  short  POS-to-load  configuration,  there  is  a  sharp 
drop  in  both  the  integrated  SPD  signal  and  the  average  TLD  reading  when  conduction 
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Fig.  17:  Peak  scintillator  photodiode  signal  versus  conduction  time  tor  both  the  long  (open 
circles)  and  the  short  (filled  triangles)  POS-to-load  Hawk  configurations. 

time  is  increased  above  0.52  ps.  The  same  behavior  with  conduction  time  was  observed 
for  the  load  voltage  [Fig.  8(b)]  and  the  peak  SPD  signal  [Fig.  17]. 

3.1 .3  Results  from  Faraday  cups 

To  detect  plasma  reaching  the  diode  load,  Faraday  cups  were  used  on  several  shots 
with  a  short  circuit  load  in  both  the  short  and  long  POS-to-load  configurations.  Faraday 
cups  were  not  fielded  on  shots  with  an  e-beam  diode  load.  Faraday  cups  were  placed 
behind  holes  in  the  short  circuit  plate  in  order  to  look  for  axially-moving  plasma  reaching 
the  load  (see  Fig.  1).  The  measured  Faraday  cup  voltage  is  converted  into  ion  current 
density.  Fig.  20  shows  the  results  of  Faraday  cup  measurements  with  the  short  POS-to- 
load  configuration  for  four  different  conduction  times.  Anode  load  currents  are  shown  as 
solid  curves,  and  ion  current  densities  are  shown  as  dashed  curves.  The  peak  ion 
current  density  is  nearly  100  A/cm2 for  the  1-ps  conduction  time. 

The  ion  number  density  may  be  estimated  from  the  current  density  by  assuming  the 
ion  charge,  Z,=1 ,  and  an  ion  velocity  in  the  range  0.3  cm/ns  <  v,  <1  cm/ns,  typical  of  the 
propagation  speed  of  the  current-carrying  plasma  channel  discussed  in  Sec.  3.1.1. 18,19 
This  corresponds  to  a  plasma  ion  density  in  the  range  6x1 011  cm'3  <  n,  <  1.8x1012cm'3. 
This  is  the  same  as,  or  slightly  higher  than,  the  ion  number  density  inferred  by  equating 
the  current-channel  propagation  velocity  with  the  Alfven  speed  (see  Sec.  3.1.1).  This 
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Fig.  1 8:  Full  width  at  half  maximum  for  the  scintillator  photodiode  signal  versus  conduction  time 
for  both  the  long  (open  circles)  and  short  (filled  triangles)  POS-to-load  Hawk  configurations. 

low-density  burst  of  ions  consistently  reaches  the  load  approximately  30  -  40  ns  after  the 
load  anode  current  begins  to  rise,  for  conduction  times  ranging  from  0.3  ps  to  1  ps.  At 
short  conduction  times  (<  0.5  ps),  the  Faraday  cup  signals  shown  in  Fig.  20  indicate  a 
small  initial  burst  of  plasma  which  appears  to  be  associated  with  the  fast-propagating 
current  channel  discussed  in  Sec.  3.1.1  reaching  the  load.  This  initial  small  burst  of 
plasma  is  immediately  followed  by  a  larger  burst  that  appears  to  be  associated  with 
slower  moving,  higher  density  plasma  that  trails  the  propagating  current  channel.  For 
the  short  POS-to-load  data  shown  in  Fig.  20,  a  large  increase  in  the  magnitude  of  the 
Faraday  cup  signal  is  observed  when  conduction  time  is  increased  beyond  0.5  ps,  and 
the  signal  appears  to  indicate  a  single  burst  of  ions.  This  is  consistent  with  a  large 
increase  in  the  plasma  density  reaching  the  diode  load.  This  plasma  may  reduce  the 
diode  impedance  and  thereby  lower  the  diode  power,  particularly  for  long  conduction 
times  (see  Sec.  4.1,  below).  For  the  long  POS-to-load  configuration  data,  this  large 
increase  in  the  Faraday  cup  signal  for  long  conduction  times  was  not  observed. 

3.2  Variation  of  A-K  gap 

The  effect  of  A-K  gap  variation  was  studied  in  both  switch-to-load  configurations.  For 
the  long  switch-to-load  configuration,  the  conduction  time  was  maintained  at  0.62  ±  0.05 
ps,  while  for  the  short  switch-to-load  configuration,  the  conduction  time  was  maintained 
at  0.47  ±  0.02  ps.  These  conduction  times  correspond  to  maximum  electrical  power 
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Fig.  1 9:  Integral  of  the  scintillator  photodiode  (SPD)  signal  (open  circles)  and  the  average  TLD 
reading  (crosses)  versus  conduction  time  for  (a)  the  long  POS-to-load  configuration  and  (b)  the 
short  POS-to-load  configuration. 
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Fig.  20:  Load  anode  current  waveforms  (solid  lines)  and  Faraday  cup  signals  (dashed  lines) 
for  four  different  conduction  times  in  the  short  POS-to-load  configuration. 


delivered  to  the  load.  In  both  cases,  the  diode  A-K  gap  was  varied  from  a  short  circuit  (0 
mm)  to  20  mm  by  using  different  thickness  spacers  as  described  in  Sec.  2.3.  The 
ultimate  parameter  of  interest  in  this  variation  is  the  load  impedance.  The  relationship 
between  load  impedance  and  A-K  gap  is  discussed  in  Sec.  4.1 . 


3.2.1  Results  from  electrical  diagnostics 


Load  anode  and  cathode  currents  and  load  voltage  at  the  time  of  peak  power  are 
plotted  versus  A-K  gap  in  Fig.  21(a)  and  Fig.  21(b)  for  the  long  and  short  POS-to-load 
lengths,  respectively.  The  load  voltage  increases  with  A-K  gap  up  to  a  gap  of 
approximately  1 0  mm,  above  which  the  load  voltage  remains  fairly  constant.  With  the 
exception  of  the  anode  current  in  the  short  POS-to-load  configuration,  the  load  anode 
and  cathode  currents  decrease  with  A-K  gap  up  to  a  gap  of  approximately  10  mm,  above 
which  the  load  anode  and  cathode  currents  remain  fairly  constant. 

The  flow  current  at  the  time  of  peak  power  is  plotted  as  a  function  of  A-K  gap  for  both 
POS-to-load  configurations  in  Fig.  22.  For  the  long  POS-to-load  configuration, 
represented  by  the  open  circles  in  Fig.  22,  the  data  show  a  fair  amount  of  scatter  with 
flow  currents  ranging  from  60  kA  to  140  kA.  However,  the  flow  current  does  not  vary 
strongly  with  A-K  gap  as  indicated  by  the  least-squares  best-fit  line  through  the  long 
POS-to-load  data  (solid  line).  For  the  short  POS-to-load  configuration,  represented  by 
the  filled  triangles  in  Fig.  22,  the  flow  current  shows  a  sharp  increase  from  near  zero  at  a 
5.6-mm  A-K  gap  to  to  approximately  130  kA  at  an  8.1 -mm  A-K  gap.  As  the  A-K  gap  is 
increased  above  8.1  mm,  the  flow  current  remains  fairly  constant  in  the  short  POS-to- 
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Fig.  21  Load  anode  current  (open  triangles),  load  cathode  current  (open  circles)  and  load 
voltage  (open  squares)  at  the  time  of  peak  power  as  a  function  of  diode  A-K  gap  for  (a)  the  long 
POS-to-load  Hawk  configuration,  and  (b)  the  short  POS-to-load  Hawk  configuration. 
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Fig.  22  Flow  current  at  the  time  of  peak  power  as  a  function  of  diode  A-K  gap  for  the  long 
(open  circles)  and  the  short  (filled  triangles)  POS-to-load  Hawk  configurations. 

load  configuration.  The  short  POS-to-load  data  show  less  scatter  than  the  long  POS-to- 
load  data  in  Fig.  22. 

The  impact  of  the  current  and  voltage  trends  on  diode  power  as  the  A-K  gap  is  varied 
is  shown  in  Fig.  23.  The  diode  power  is  larger  for  the  short  POS-to-load  configuration 
than  for  the  long  POS-to-load  configuration  over  a  broad  range  of  A-K  gaps,  consistent 
with  more  current  reaching  the  load  for  the  short  POS-to-load  distance.  For  the  short 
POS-to-load  configuration,  the  optimum  A-K  gap  for  maximum  power  is  between  1 0  and 
15  mm,  while  the  optimum  gap  for  the  long  POS-to-load  configuration  is  slightly  smaller, 
between  6  and  10  mm.  For  diode  A-K  gaps  greater  than  optimum,  reduced  diode 
current  results  in  lower  power,  while  for  diode  A-K  gap  less  than  optimum,  smaller  diode 
voltage  is  responsible  for  lower  diode  power.  This  result  is  consistent  with  the  switch- 
limited  load-limited  POS  picture.1,7,8 

Now,  we  can  look  at  variation  of  the  various  current  and  load-voltage  signal  arrival 
times  when  the  A-K  gap  is  varied  in  both  the  long  and  short  POS-to-load  configurations. 
Load  current  and  voltage  waveforms  near  the  time  of  POS  opening  for  three  long  POS- 
to-load  shots  with  different  A-K  gaps  are  shown  in  Fig.  24.  The  symbols  used  for  the 
currents  are  the  same  as  in  Sec.  3.1.1.  The  A-K  gap  for  Fig.  24(a)  is  5.6  mm, 
corresponding  to  the  load-limited  operating  regime.  Consistent  with  load-limited 
behavior,  the  voltage  for  the  5.6-mm  A-K  gap  shot  is  relatively  low  (-400  kV),  while  the 
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Fig.  23:  Diode  power  versus  A-K  gap  for  both  the  long  (open  circles)  and  short  (filled  triangles) 
POS-to-load  configurations. 

load  anode  current  is  relatively  high  for  the  640-ns  conduction  time  (-350  kA)  and  is 
about  70%  of  the  generator  current.  Looking  at  the  signal  arrival  times  for  the  5.6-mm  A- 
K  gap  shot,  the  anode  current  just  downstream  of  the  switch  rises  simultaneously  with 
the  load  voltage,  while  the  other  anode  and  cathode  currents  rise  slightly  later  in  time. 
This  behavior  is  similar  to  what  is  observed  in  Fig.  12(b)  except  that  the  shape  of  the 
voltage  waveform  is  different  with  an  extended  “plateau”  of  -80  kV  before  steeply  rising 
when  the  load  anode  current  begins  to  rise.  The  difference  in  magnitude  between  laI 
and  Iai  represents  current  loss  between  the  two  anode  current  probe  locations,  about 
100  kA  at  the  time  of  peak  load  power.  Similarly,  the  difference  in  magnitude  between 
Ia2  and  7*2  represents  the  electron  flow  current  at  the  load,  approximately  100  kA  at  the 
time  of  peak  load  power. 

Next,  we  consider  Fig.  24(b),  which  shows  data  for  a  10.4-mm  A-K  gap, 
corresponding  to  the  transition  between  load-limited  and  switch-limited  operation.  The 
power  is  maximized  for  this  A-K  gap,  and  the  diode  impedance  at  this  gap  should  be 
near  the  critical  impedance.1,7,8  Here  the  load  voltage  is  higher  than  in  the  load-limited 
case,  while  the  load  anode  and  cathode  currents  are  lower.  Despite  the  change  in  the 
magnitude  of  the  current  and  voltage  signals,  the  signal  arrival  times  are  very  similar  to 
those  in  the  load-limited  regime,  suggesting  that  the  current  channel  propagation  is 
similar  to  that  in  the  load-limited  case.  The  current  loss  represented  by  the  difference 
between  laJ  and  la2,  greater  than  150  kA  at  the  time  of  peak  load  power,  is  approximately 
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Fig.  24:  Anode  and  cathode  currents  (both  at  two  axial  locations),  and  load  voltage  traces  for 
three  different  A-K  gap  settings  on  Hawk  in  the  long  POS-to-load  configuration. 
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three  times  higher  than  that  for  the  5.6-mm  A-K  gap.  The  electron  flow  current  at  the 
load  (the  difference  between  /*  and  lk2)  is  also  about  150  kA  at  the  time  of  peak  load 
power. 

Fig.  24(c)  shows  data  for  a  20.0-mm  A-K  gap,  corresponding  to  the  switch-limited 
regime  of  operation.  In  this  case,  the  load  voltage  is  relatively  high  (-700  kV)  while  the 
load  anode  current  (. Ia2 )  is  relatively  low  (-150  kA).  As  with  the  smaller  A-K  gap  shots, 
the  anode  current  signal  just  downstream  of  the  switch  rises  simultaneously  with  the 
load  voltage  signal,  while  the  other  current  signals  rise  slightly  later  in  time.  Thus,  it 
appears  that  the  A-K  gap  does  not  affect  the  nature  of  the  current  propagation,  but  does 
affect  the  magnitude  of  current  and  voltage  at  the  load.  The  current  loss  between  the 
two  anode  current  probes  is  greater  than  200  kA  for  this  gap  setting,  while  the  electron 
flow  current  at  the  load  is  approximately  75  kA. 

Similar  current  propagation  behavior  is  measured  for  the  short  POS-to-load 
configuration,  shown  in  Fig.  25.  One  important  difference  in  the  short  POS-to-load 
configuration,  for  an  A-K  gap  of  5.6  mm  [Fig.  25(a)],  is  that  the  load  anode  current,  Ia,  is 
equal  to  the  load  cathode  current,  /*.  This  implies  that  there  is  no  vacuum  flow  current  at 
the  load  at  the  time  of  peak  power. 

3.2.2  Results  from  radiation  diagnostics 

The  peak  SPD  signal  is  plotted  versus  A-K  gap  for  both  POS-to-load  configurations  in 
Fig.  26.  The  trends  in  the  peak  radiation  signal  are  similar  to  those  of  the  peak  load 
voltage  in  Fig.  21 .  This  similarity  is  consistent  with  the  observations  made  earlier  in  Sec. 
3.1.2.  The  short  POS-to-load  configuration  yields  higher  x-ray  signals  than  the  long 
POS-to-load  configuration  over  a  broad  range  of  A-K  gaps.  The  full-width-at-half- 
maximum  (FWHM)  of  the  SPD  signal  is  plotted  versus  A-K  gap  in  Fig.  27.  The 
maximum  FWHM  occurs  at  different  values  of  A-K  gap  for  the  two  different  POS-to-load 
configurations,  and  the  maximum  is  larger  for  the  long  POS-to-load  configuration.  The 
larger  FWHM  for  the  long  POS-to-load  configuration  may  be  a  result  of  decreased  POS 
plasma  influence  on  the  diode  in  the  long  POS-to-load  configuration. 

The  integral  of  the  SPD  signal  and  the  average  TLD  reading  are  plotted  versus  A-K 
gap  in  Fig.  28.  These  two  time-integrated  measurements  show  similar  trends  as  the  A-K 
gap  is  varied.  For  the  long  POS-to-load  configuration  [Fig.  28(a)],  the  SPD  integral  and 
average  TLD  reading  exhibit  a  narrow  peak  with  the  maximum  occurring  between  8  and 
10  mm.  For  the  short  POS-to-load  configuration  [Fig.  28(b)],  a  broad  maximum  is 
observed  in  both  the  SPD  integral  and  the  average  TLD  reading.  Also,  less  scatter  is 
observed  in  the  short  than  the  long  POS-to-load  configuration. 

4.0  Analysis  of  results  and  discussion 

Having  outlined  trends  in  the  data  in  the  previous  section,  we  can  now  analyze  the 
electrical  data  to  determine  diode  impedance,  flow  impedance,  inferred  POS  gap,  and 
the  critical  POS  gap  for  magnetic  insulation.  This  analysis  provides  further  insight  into 
coupling  between  the  POS  and  an  e-beam  diode  load. 

4.1  Diode  Impedance 

The  impedance  of  a  pinched-beam  diode  can  be  predicted  from  the  critical  current 
formula20 
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Fig.  25:  Load  anode  current,  load  cathode  current,  and  load  voltage  traces  to 
A-K  aao  settinas  on  Hawk  in  the  short  POS-to-load  confiauration. 


Fig.  26:  Peak  scintillator  photodiode  signal  plotted  versus  A-K  gap  for  both  the  long  (open 
circles)  and  short  (filled  triangles)  POS-to-load  configurations. 


where  y(=  1  +eVi/mc2 )  is  the  ratio  of  the  electron  mass  to  its  rest  mass,  VL  is  the  load 
(diode)  voltage,  e  is  the  magnitude  of  the  electron  charge,  m  is  the  electron  rest  mass,  Rc 
is  the  cathode  radius,  A  is  the  diode  A-K  gap,  and  h  is  the  load  (diode)  current 
(presumably  Ik2  and  /*  for  the  long  and  short  POS-to-load  configurations,  respectively). 
Rearranging  Eq.(1),  the  load  impedance  is  therefore  given  by: 
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where  V[m)  is  the  load  voltage  in  units  of  MV.  A-K  gap  closure  has  not  been  included 
in  Eq.(2).  To  account  for  gap  closure,  A  in  Eq.(2)  is  replaced  with  an  effective  gap, 
Ae*r=A -vt,  where  v  is  the  speed  at  which  the  anode  and  cathode  surface  plasmas  in  the 
diode  close  the  gap,  and  t  is  time  after  POS  opening. 

A  series  of  Hawk  shots  was  performed  in  which  the  diode  impedance  was  varied  by 
adjusting  the  A-K  gap  for  a  fixed  conduction  time.  Diode  impedances  were  calculated  as 
the  diode  voltage  (measured  with  the  wire  voltmeter)  divided  by  the  cathode  load  current 
(the  average  of  the  two  cathode  B-dot  current  monitors  near  the  load).  This  method  of 
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Fig.  27:  Full  width  at  half  maximum  for  the  scintillator  photodiode  signal  versus  A-K  gap  for 
both  the  long  (open  circles)  and  short  (filled  triangles)  POS-to-load  Hawk  configurations. 

determining  diode  impedance  differs  from  previous  Hawk  experiments1,7,8  in  which 
cathode  current  measurements  were  not  available,  and  consequently  anode  current  was 
used  to  determine  diode  impedance. 

Because  diode  impedance  is  varied  by  adjusting  the  diode  A-K  gap  prior  to  each 
shot,  it  is  worthwhile  to  compare  the  impedance  from  Eq.(2)  for  a  given  A-K  gap  with  the 
measured  diode  impedance  at  the  time  of  peak  power.  This  comparison  is  shown  in 
Fig.  29.  Impedances  from  the  A-K  gap  scan  described  in  Sec.  3.2  are  plotted  for  both 
the  long  and  short  POS-to-load  configurations.  The  solid  line  is  a  linear  fit  to  the 
expected  diode  impedance  from  Eq.(2)  based  on  the  short  POS-to-load  data  and 
assuming  a  gap  closure  rate  of  2  cm/ps.  As  can  be  seen  in  Fig.  29,  the  results  of  Eq.(2), 
adjusted  for  gap  closure,  agree  with  the  measured  diode  impedance  at  peak  power.  For 
A-K  gaps  less  than  2  mm,  diode  impedance  is  zero  because  the  gap  is  shorted  by  the 
expanding  anode  and  cathode  surface  plasmas. 

Measured  and  predicted  diode  impedances  at  the  time  of  peak  load  power  are  plotted 
versus  conduction  time  in  Fig.  30(a)  and  (b)  for  an  A-K  gap  of  1 0.4  mm.  The  predicted 
diode  impedance  is  determined  from  Eq.(2)  adjusting  for  gap  closure.  For  both  POS-to- 
load  configurations,  the  predicted  diode  impedance  remains  fairly  constant  (between  4 
and  5  Q)  over  the  range  of  conduction  times  used  in  these  experiments.  For  the  long 
POS-to-load  configuration,  the  measured  diode  impedance  shows  a  fair  amount  of 
scatter,  but  is  always  greater  than  or  equal  to  the  predicted  diode  impedance.  For  the 
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Fig.  28:  Integral  of  the  scintillator  photodiode  (SPD)  signal  (open  circles)  and  the  average  TLD 
reading  (crosses)  versus  A-K  gap  for  (a)  the  long  POS-to-load  configuration  and  (b)  the  short 
POS-to-load  configuration. 
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Fig.  29:  Diode  impedance  at  peak  power  versus  A-K  gap  for  both  the  short  (triangles)  and 
long  (circles)  POS-to-load  configurations.  The  solid  line  represents  a  linear  best  fit  to  the 
calculated  impedance  (crosses)  based  on  critical  current. 

short  POS-to-load  configuration,  the  measured  diode  impedance  is  equal  to  the 
predicted  impedance  for  conduction  times  less  than  0.5  (is,  while  the  measured 
impedance  is  significantly  lower  than  the  predicted  impedance  (-2  Q  versus  ~4  Q)  for 
conduction  times  greater  than  0.5  ps.  It  is  interesting  to  note  in  Fig.  30(b)  that  for  the 
short  POS-to-load  configuration,  the  measured  diode  impedance  drops  abruptly  at  a 
conduction  time  of  approximately  0.5  ps.  This  time  corresponds  to  the  conduction  time 
after  which:  a)  a  sharp  drop  in  diode  voltage  and  a  sharp  rise  in  load  anode  current  are 
observed  [see  Fig.  8(b)];  b)  the  pinched-beam  behavior  degrades  [see  Fig.  16];  c)  the 
peak  photodiode  signal  decreases  [see  Fig.  17];  and  d)  the  Faraday  cup  signal 
increases  sharply  [see  Fig.  20].  This  accumulated  evidence  suggests  that  the  diode 
impedance  in  the  short  POS-to-load  configuration  is  influenced  by  POS  plasma  reaching 
the  load  when  xc  >  0.5  ps. 

Further  evidence  that  plasma  reaching  the  load  in  the  shorter  POS-to-load 
configuration  influences  diode  behavior  is  shown  in  Fig.  31 .  Impedance  time  histories 
for  several  different  conduction  times  with  a  10.4-mm  load  A-K  gap  in  both  the  short  and 
long  POS-to-load  configurations  are  compared.  In  the  long  POS-to-load  configuration, 
Fig.  31(a),  the  impedance  decreases  at  switch  opening  to  a  characteristic  value 
determined  by  the  diode  A-K  gap  (~3  to  5  Q  based  on  Fig.  29),  and  this  impedance  is 
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Fig.  30:  Measured  and  predicted  diode  impedance  versus  conduction  time  for  (a)  the  long 
POS-to-load  configuration  and  (b)  the  short  POS-to-load  configuration.  The  diode  A-K  gap  was 
10.4  mm. 
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Fig.  31:  Impedance  histories  for  five  different  conduction  times  in  (a)  the  long  POS-to-load 
configuration,  and  (b)  the  short  POS-to-load  configuration. 


maintained  during  a  plateau  phase  which  lasts  for  a  few  hundred  ns.  The  duration  of  the 
plateau  phase  gradually  decreases  as  the  conduction  time  is  increased.  For  conduction 
times  of  -1  ps,  there  is  no  clear  plateau  phase.  The  short  POS-to-load  configuration, 
shown  in  Fig.  31  (b),  has  a  very  different  behavior.  As  the  conduction  time  is  increased 
beyond  500  ns,  the  diode  impedance  decreases  at  switch  opening  to  a  value  below  that 
determined  by  the  A-K  gap.  Furthermore,  the  duration  of  the  plateau  in  diode 
impedance  is  less  than  1 00  ns,  much  shorter  than  the  duration  for  the  long  POS-to-load 
case.  This  suggests  that  plasma  affects  the  load  sooner  in  the  short  POS-to-load  case. 
The  exact  mechanism  by  which  plasma  reduces  the  diode  impedance  is  not  clear  from 
these  data.  This  question  will  be  studied  in  the  future.  Although  plasma  appears  to 
influence  the  diode  impedance  in  the  short  POS-to-load  case,  the  impedance  behavior 
for  this  case  does  not  resemble  that  of  a  plasma-filled  diode  (initial  impedance  of  zero, 
followed  by  increasing  impedance)  as  has  been  observed  in  previous  flashboard  POS 
experiments.8 

Fig.  32  shows  load  voltage  and  load  anode  and  cathode  current  measurements  as  a 
function  of  diode  impedance  at  the  time  of  peak  load  power.  Fig.  32(a)  shows  data  for 
the  long  POS-to-load  configuration,  while  Fig.  32(b)  shows  data  for  the  short  POS-to- 
load  configuration.  As  a  result  of  the  linear  relationship  between  diode  impedance  and 
A-K  gap  shown  in  Fig.  29,  the  trends  are  the  same  as  observed  in  Fig.  21 .  In  the  load- 
limited  region,  to  the  left  of  the  dashed  vertical  line  in  both  figures,  the  load  voltage 
increases  with  increasing  impedance,  reaching  approximately  600  kV  for  the  long  POS- 
to-load  configuration  and  750  kV  for  the  short  POS-to-load  configuration.  In  the  switch- 
limited  region,  to  the  right  of  the  dashed  vertical  line  in  both  figures,  the  load  voltage  is 
approximately  constant  for  both  POS-to-load  configurations.  In  both  the  switch-limited 
and  load-limited  regimes,  the  load  anode  current  decreases  with  increasing  load 
impedance  in  the  long  POS-to-load  configuration  [Fig.  32(a)],  while  it  remains 
approximately  constant  for  the  short  POS-to-load  configuration  [Fig.  32(b)].  In  both  the 
switch-limited  and  load-limited  regions,  the  load  cathode  current  decreases  with 
increasing  impedance.  For  the  5-cm  radius  cathode,  the  critical  impedance  at  which 
diode  behavior  changes  from  ioad-limited  to  switch-limited,  4  to  5  fi,  is  higher  than 
reported  in  previous  work,1,7'9 1 .5  to  2  £1  This  is  because  the  load  cathode  current, 
rather  than  the  load  anode  current,  was  used  to  define  the  diode  impedance. 


37 


Voltage  (kV)  Voltage  (kV) 


Impedance  (Q.) 


Fig.  32:  Load  voltage,  cathode  current,  and  anode  current  plotted  versus  diode  impedance  for 
(a)  the  long  POS-to-load  configuration  and  (b)  the  short  POS-to-load  configuration. 
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Fig.  33:  Photodiode  signal  (solid  line)  shown  together  with  nonlinear  fit  to  the  form  al|VLp 
(crosses)  for  the  long  POS-to-load  configuration  at  three  different  conduction  times. 

4.2  Bremsstrahlung  Dose-voltage  dependence 

In  Sec.  3.1.2,  it  was  observed  that  bremsstrahlung  production  by  this  e-beam  diode  is 
not  proportional  to  the  diode  power,  but  depends  more  strongly  on  the  diode  voltage. 
The  exact  relationship  between  diode  voltage  and  bremsstrahlung  production  has  been 
the  subject  of  much  research.21,22  In  general,  the  on-axis  dose  rate,  y ,  for  a  narrow  e- 

beam  measured  1  m  downstream  from  the  diode  has  been  expressed  as:  f  «=  ILVf , 
where  VL  is  the  diode  voltage,  lL  is  the  diode  current,  and  p  is  between  2.65  and  2.8  for 
diode  voltages  greater  than  1  MV.  For  this  work  however,  the  maximum  diode  voltage 
was  approximately  800  kV,  so  the  previously  determined  scaling  may  not  apply.  Data 
for  both  the  long  and  short  POS-to-load  configurations  were  fit  to  an  expression  of  the 
form  f  =  odjVi  where  a  and  p  were  independent  parameters  to  be  determined.  The 
results  are  shown  in  Fig.  33  and  Fig.  34  for  the  long  and  short  POS-to-load 
configurations,  respectively.  Reasonable  fits  (x2<1)  to  the  measured  SPD  signals  are 
achieved  for  three  different  conduction  times.  The  dose-voltage  scaling  for  these  low 
voltage  measurements  is  significantly  weaker  than  the  dose-voltage  reported  for 
voltages  greater  than  1  MV.  For  the  long  POS-to-load  configuration  (Fig.  33),  the  dose 
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Fig.  34:  Photodiode  signal  (solid  line)  shown  together  with  nonlinear  fit  to  the  form 
aILvf  (crosses)  for  the  short  POS-to-load  configuration  at  three  different  conduction  times. 

rate  scales  as  VL23,  while  for  the  short  POS-to-load  configuration  (Fig.  34),  the  dose  rate 
scales  as  VL19. 

There  are  a  number  of  possible  explanations  for  the  difference  in  dose-voltage 
scaling  between  the  short  and  long  POS-to-load  configurations.  First,  these  dose- 
voltage  scalings  were  determined  from  an  empirical  fit  to  the  data  assuming  that  the 
entire  load  anode  current  contributes  to  bremsstrahlung  production  in  the  load.  While 
this  assumption  produced  reasonable  fits  to  the  data  as  shown  in  Fig.  33  and  Fig.  34,  it 
may  not  be  accurate.  Thus,  the  difference  in  dose-voltage  scaling  between  the  long  and 
short  POS-to-load  configurations  may  result  from  a  different  fraction  of  the  load  anode 
current  contributing  to  bremsstrahlung  production  for  the  different  POS-to-load 
distances.  The  portion  of  the  current  that  is  non-radiation-producing  ion  current  has  not 
been  accounted  for  either.  Another  factor  that  affects  the  dose-voltage  dependence  for 
e:beam  diodes  is  the  incident  angle  of  the  electrons  striking  the  tantalum  anode.  This 
angle  may  be  affected  by  the  proximity  of  the  POS  to  the  load,  resulting  in  a  different 
dose-voltage  scaling  for  different  POS-to-load  distances.  A  detailed  investigation  of 
these  different  factors  and  their  affect  on  the  dose-voltage  scaling  is  beyond  the  scope  of 
this  study,  and  is  left  for  future  work. 

4.3  Current  losses 

Downstream  current  measurements  provide  a  quantitative  means  of  comparing 
current  losses  between  the  long  and  short  POS-to-load  configurations  and  validating  the 
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Fig.  35:  Anode-current-to-generator-current  ratio  at  the  time  of  peak  power  versus  conduction 
time  for  both  the  long  (filled  and  open  squares)  and  short  (open  circles)  POS-to-load 
configurations.  The  diode  A-K  gap  is  fixed  at  10.4  mm. 


behavior  suggested  by  the  pinhole  camera  photographs  in  Fig.  14  and  Fig.  15.  The 
ratios  of  the  downstream  anode  currents  to  the  generator  current  at  the  time  of  peak 
load  power  for  both  POS-to-load  configurations  are  plotted  in  Fig.  35  as  a  function  of 
POS  conduction  time  for  a  fixed  diode  A-K  gap  of  10.4  mm.  The  same  ratios  are  plotted 
in  Fig.  36  as  a  function  of  diode  impedance  with  conduction  time  fixed  at  0.62  ±  0.05  |is 
and  0.47  ±0.02  ps  for  the  long  and  short  POS-to-load  configurations,  respectively.  In 
both  Fig.  35  and  Fig.  36,  the  squares  (open  and  filled)  correspond  to  measurements  in 
the  long  POS-to-load  configuration.  The  filled  squares  indicate  the  ratio  of  the  anode 
current  measured  near  the  load  to  the  generator  current,  while  the  open  squares  indicate 
the  ratio  of  anode  current  measured  just  downstream  of  the  POS  (see  Fig.  1)  to  the 
generator  current.  The  open  circles  indicate  the  ratio  of  the  anode  load  current  to 
generator  current  in  the  short  POS-to-load  configuration.  Note  that  the  load  anode 
current  monitor  in  the  short  POS-to-load  case  is  at  the  same  axial  distance  from  the 
POS  as  the  monitor  measuring  the  anode  current  just  downstream  of  the  POS  in  the 
long  POS-to-load  case.  The  lines  shown  in  Fig.  35  and  Fig.  36  are  linear  fits  to  the  data 
points. 
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Fig.  36:  Anode-current-to-generator-current  ratio  (at  the  time  of  peak  power)  versus  diode 
impedance  for  both  the  long  (filled  and  open  squares)  and  short  (open  circles)  POS-to-load 
configurations.  Conduction  times  are  0.62  ±  0.05  ps  and  0.47  ±  0.02  ps  for  the  long  and  short  POS- 
to-load  configurations,  respectively. 

Fig.  35  shows  that,  for  both  configurations,  the  ratios  of  anode  current  to  generator 
current  at  the  time  of  peak  power  decrease  as  the  conduction  time  is  increased.  This 
result  is  counter  to  what  might  be  expected  from  the  side-viewing  pinhole  camera 
images  in  Fig.  15  (in  which  the  location  where  high-energy  electrons  begin  to  strike  the 
anode  moves  downstream  as  the  conduction  time  increases,  and  therefore  the  area  for 
losses  decreases).  The  ratio  of  anode  current  to  generator  current  is  seen  to  be  greater 
for  the  short  than  for  the  long  POS-to-load  configuration,  which  is  consistent  with  the 
observations  from  the  x-ray  pinhole  photographs  in  Fig.  14.  However,  for  the  long  POS- 
to-load  configuration,  the  fraction  of  the  generator  current  detected  at  the  anode  current 
monitor  closest  to  the  POS  is  greater  than  that  for  the  short  POS-to-load  configuration  at 
the  same  location  relative  to  the  POS. 

In  Fig.  36,  the  ratio  of  load  anode  current  to  generator  current  is  seen  to  decrease  as 
the  diode  impedance  increases.  The  decrease  in  current  reaching  the  load  is  steeper  for 
the  long  POS-to-load  configuration  than  for  the  short  POS-to-load  configuration, 
probably  a  result  of  the  longer  length  (larger  area)  for  losses  to  occur  (see  discussion  in 
Sec.  3.1  and  Fig.  14). 
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Fig.  37:  Idealized  illustration  of  the  possible  distribution  of  electrons  and  plasma  in  the  gap 
region  of  a  POS.  Be  is  the  magnetic  field  associated  with  the  generator  current,  D  is  the  POS 
gap,  and  Dcrit  is  the  critical  gap  for  magnetic  insulation. 

4.4  Flow  impedance  and  the  POS  gap 

The  significance  of  vacuum  electron  flow  in  the  POS  can  be  estimated  from  the  flow 
impedance.23  The  POS  “vacuum”  impedance  is  modeled  by  assuming  that  a  space- 
charge-limited  electron  sheath  having  a  thickness  equivalent  to  the  electron  Larmour 
radius  forms  at  the  cathode  (see  Fig.  37).  This  thickness  has  been  referred  to  as  the 
effective  gap  for  magnetic  insulation,1  and  will  be  called  the  critical  switch  gap,  Dcr it,  in 
what  follows.  The  critical  switch  gap  represents  the  minimum  gap  required  for 
magnetically  insulated  electron  flow.  The  critical  current  formula  derived  from  the 
relativistic,  single  particle  description  of  electron  flow  [Eq.(1 )]  can  be  rearranged  to 
obtain  the  following  expression  for  Dcrit1’7 

Dcr,  =  (1.6)  *  8500  *  (7po5  -D1/2  *~T~  (3) 

*  Gen 

where  yPOS=  1  +eVP0S/mc2,  Vpos  is  the  POS  voltage,  Rc  is  the  cathode  radius,  and  /Ge n  is 
the  generator  current.  Mendel  has  shown24  that  the  flow  impedance  for  this  coaxial  gap 
is  equivalent  to  the  vacuum  impedance  for  a  vacuum  gap  bounded  by  the  anode  plasma 
edge,  Ra,  and  the  centroid  of  the  electrons  in  the  cathode  sheath,  Re : 

Zf  =60£n(Ra/Re).  (4) 

For  a  uniformly  distributed  charge  in  a  thin  sheath,  the  centroid  radius  can  be 
approximated  as  Re  =  Rc  +  Dcnt  /  2 .  The  radial  location  of  the  anode  plasma  edge  is  Ra 
=  Rc  +  D,  where  D  represents  the  effective  size  of  the  POS  gap.  Substituting  the 
expressions  for  Re  and  Ra  into  Eq.(4)  and  assuming  Dcri/2/?e«1  yields 
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Retaining  terms  up  to  first  order  in  D/Rc,  the  flow  impedance  may  be  approximated  as: 
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Mendel  has  also  shown23,24  that  pressure  balance  in  the  electron  sheath  can  lead  to  a 
relationship  forZ^  in  terms  of  measured  currents  and  voltages: 


(7) 


where  /au  is  the  anode  current  just  upstream  of  the  POS  (which  can  be  taken  as  /Gce  for 
this  experiment),  and  /kd  is  the  cathode  current  just  downstream  of  the  POS  (equivalent 
to  hi  in  the  long  POS-to-load  configuration  or  lk  in  the  short  POS-to-load  configuration). 
Applying  the  experimental  results  obtained  in  this  work,  Eq.(6)  can  be  rearranged  to 
determine  the  effective  POS  gap, 


where  Dcrit  is  determined  from  Eq.(3)  and  Zf  is  determined  from  Eq.(7). 


(8) 


4.4.1  POS  gap  and  flow  impedance  variation  with  conduction  time 

Fig.  38  shows  the  critical  switch  gap,  Dcrit,  and  the  experimentally  inferred  switch  gap, 
D,  plotted  versus  conduction  time  for  the  long  POS-to-load  configuration  [Fig.  38(a)]  and 
for  the  short  POS-to-load  configuration  [Fig.  38(b)]  with  a  fixed  10.4  mm  diode  A-K  gap. 
Dcrit  decreases  with  increasing  conduction  time  for  both  configurations.  This  reduced 
Dcn;  reflects  better  magnetic  insulation  provided  by  the  higher  generator  current  and 
associated  azimuthal  self-magnetic  field,  while  the  load  and  switch  voltages  are 
decreasing.  One  difference  between  the  results  shown  in  Fig.  38  and  previous 
experiments25  is  that  here  the  POS  gap  decreases  non-linearly  with  conduction  time  (as 
opposed  to  linearly  in  the  previous  work),  and  the  gap  appears  to  approach 
asymptotically  a  value  of  ~1 .5  mm  at  long  conduction  times.  At  optimum  conduction 
time,  the  gap  is  about  3  mm.  The  switch  gaps  calculated  for  both  the  long  and  short 
POS-to-load  configurations  follow  the  same  asymptotically  decreasing  curve  (shown  in 
Fig.  38(a)  and  (b))  at  conduction  times  less  than  0.5  ps.  For  the  shorter  POS-to-load 
configuration,  a  sudden  decrease  in  the  critical  switch  gap  occurs  at  a  conduction  time 
slightly  greater  than  the  optimum.  This  result  is  consistent  with  reduced  diode 
impedance  (due  to  plasma  in  the  load)  causing  the  diode  behavior  to  force  the  POS  into 
the  load-limited  regime  [See  also  Figs.  8(b),  13(c),  16, 17, 19(b),  20,  30(b),  and  31(b)]. 

4.4.2  POS  gap  and  flow  impedance  variation  with  load  impedance 

A  comparison  of  the  effective  switch  gap,  D,  with  the  critical  gap  for  magnetic 
insulation,  Dcrit,  over  a  range  of  diode  impedances  is  shown  for  the  long  POS-to-load 
configuration  in  Fig.  39(a).  The  same  plot  for  the  short  POS-to-load  configuration  is 
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Fig.  38:  Critical  POS  Gap  (crosses)  and  experimentally  inferred  POS  gap  (open  circles) 
versus  conduction  time  for  (a)  the  long  POS-to-load  configuration  and  (b)  the  short  POS-to-load 
configuration.  The  diode  A-K  gap  was  fixed  at  10.4  mm. 
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Fig.  39:  Critical  POS  Gap  (crosses)  and  experimentally  inferred  POS  gap  (open  circles) 
versus  A-K  gap  for  (a)  the  long  POS-to-load  configuration,  and  (b)  the  short  POS-to-load 
configuration.  Conduction  times  are  0.62  ±  0.05  ns  and  0.47  ±  0.02  ps  for  the  long  and  short  POS- 
to-load  configurations,  respectively. 
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shown  in  Fig.  39(b).  For  these  data  the  conduction  time  was  fixed  at  0.62  ±  0.05  ns  and 
0.47  ±  0.02  ns  for  the  long  and  short  POS-to-load  configurations,  respectively.  In  the 
short  POS-to-load  configuration,  the  effective  gap  is  equal  to  (and  tracks  with)  the  critical 
gap.  For  ZL  >  ZL*,  i.e.  diode  impedance  greater  than  about  4.5  Q  (the  switch-limited 
regime),  the  gap  is  constant  as  previously  observed.1,7'9  However,  when  ZL<  ZL*(  i.e.  the 
diode  impedance  is  less  than  about  4.5  £2  (the  load-limited  regime),  both  the  critical  gap 
and  the  effective  gap  are  reduced,  and  in  fact,  the  effective  gap  remains  equal  to  the 
critical  gap  even  in  the  load-limited  regime.  The  reduction  of  the  critical  gap  in  the  load- 
limited  regime  is  a  result  of  the  lower  diode  voltage  and  consequently  lower  opening- 
switch  voltage.  The  reduction  of  the  effective  gap  in  the  load-limited  regime  implies  that 
the  load  impedance  influences  POS  behavior  such  that  the  POS  gap  remains  critically 
insulated.  Until  now,  the  size  of  the  effective  POS  gap  in  the  load-limited  regime  was 
only  known  to  be  >  Dcrit  -1  The  data  for  the  long  POS-to-load  configuration  is  similar  but 
exhibits  greater  scatter. 

The  flow  impedance  can  be  compared  with  the  vacuum  impedance  of  the  critical 
POS  gap.  In  Fig.  40(a),  such  a  comparison  is  made  for  the  long  POS-to-load 
configuration,  while  in  Fig.  40(b),  the  same  comparison  is  made  for  the  short  POS-to- 
load  configuration.  It  is  seen  in  both  figures  that  the  flow  impedance  is  half  the  vacuum 
impedance  associated  with  the  critical  POS  gap.  This  was  predicted  theoretically  for  a 
POS  in  the  switch-limited  regime.26  This  result  is  significant  as  it  indicates  that  the  POS 
gap  and  the  flow  impedance  are  influenced  by  diode  impedance  in  the  load-limited 
regime  as  well. 

4.4.3  Flow  impedance  variation  with  inferred  gap 

Scans  in  conduction  time  and  diode  impedance  for  both  POS-to-load  distances 
indicate  that  the  inferred  gap  is  always  approximately  equal  to  the  critical  gap  for 
magnetically  insulated  electron  flow.  Based  on  this,  the  centroid  of  the  electron  sheath 
should  be  located  at  the  midpoint  of  the  inferred  POS  gap,  and  the  flow  impedance 
should  therefore  scale  as  half  the  vacuum  impedance  of  the  inferred  POS  gap  [see 
Eq.(8)].  This  is  demonstrated  in  Fig.  41  in  which  the  flow  impedance  is  plotted  versus 
the  inferred  POS  gap  for  all  Hawk  conditions  included  in  this  report.  Two  lines  have 
been  plotted  on  the  graph.  One  of  these  lines  corresponds  to  well  insulated  flow  in 
which  D  »  Dcrit  such  that  the  flow  impedance  should  scale  as  the  full  vacuum 
impedance  of  the  inferred  POS  gap,  60D/Flc  [Dcm  =  0  in  Eq.(8)].  The  other  line 
corresponds  to  fully  saturated  flow  in  which  electrons  fill  the  gap  and  the  flow  impedance 
should  scale  as  half  the  vacuum  impedance  of  the  inferred  POS  gap,  30D/RC  [Dent  =  D  in 
Eq.(8)].  As  can  be  seen  in  Fig.  41,  the  Hawk  data  all  falls  along  the  line  corresponding 
to  saturated  electron  flow.  This  implies  that  the  switch-load  coupling  is  self-regulated  to 
maintain  saturated  electron  flow  in  the  POS. 

4.5  Conduction  time  scaling 

It  was  mentioned  in  Sec.  2.3  that  the  conduction  time  shows  a  sudden  increase  when 
the  delay  between  the  doghouse  and  Hawk  marx  bank  triggers  is  between 
approximately  2.8  ps  and  3.0  ps.  This  sudden  conduction  time  increase  occurs  at  about 
the  peak  of  the  third  half-cycle  of  the  doghouse  current,  and  suggests  a  sudden  increase 
in  the  plasma  mass  in  the  switch  at  this  time,  based  on  the  MHD  model  for  the  POS 
conduction  phase.1,2,27  In  this  section,  the  MHD  model  is  derived,  and  the  implications  to 
the  observed  conduction  time  behavior  are  discussed. 
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Fig.  40:  POS  flow  impedance  (open  squares)  versus  diode  impedance  compared  with  half  the 
vacuum  impedance  of  the  critical  POS  gap  (filled  squares)  for  the  long  POS-to-load  configuration. 
Conduction  times  are  0.62  ±  0.05  ps  and  0.47  ±  0.02  ps  for  the  long  and  short  POS-to-load 
configurations,  respectively. 
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Fig.  41:  Flow  impedance  for  both  the  long  (open  squares)  and  short  (crosses)  POS-to-load 
configurations  plotted  versus  the  inferred  POS  gap.  The  solid  line  represents  the  predicted  flow 
impedance  scaling  for  fully  saturated  flow,  while  the  dashed  line  represents  the  predicted  flow 
impedance  scaling  for  well  insulated  flow. 

4.5.1  MHD  model  for  POS  conduction  scaling 

In  this  model,  we  consider  the  center-of-mass  displacement  of  a  plasma  cylinder  of 
thickness  Ar  («  POS  A-K  gap)  and  length  l0  at  radius  r  (the  radial  location  in  the  plasma 
where  opening  first  occurs).1,6,28  By  Newton’s  second  law,  the  axial  magnetic  force,  F,  on 
this  thin  cylinder  is: 

=  (9) 

2  H0  z  dt2 

In  this  expression,  B  is  the  azimuthal  magnetic  field  at  radius  r,  p*.  (=  4nx  10'7  H/m)  is 
the  permeability  of  free  space,  m,  is  the  ion  mass  averaged  over  species,  ne  is  the 
electron  density  in  the  plasma  annulus,  and  Z  is  the  ion  charge  state  averaged  over 
species  and  assumed  constant  during  conduction  (no  ionization).  Thus,  ne  =  Zn, 
(quasineutrality).  Recognizing  that  B  =  nJGen/2jtr,  Eq.(9)  can  be  integrated  twice  to  yield 
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Opening  can  begin  after  the  plasma  annulus  center-of-mass  has  been  displaced  to  the 
load  end  of  the  POS,  or  in  other  words,  when  Az=/</2.1,2  Assuming  a  sinusoidal  current 
waveform,  /(f^WinCcor),  we  can  analytically  evaluate  the  integral  in  the  above 
expression  from  f=0  to  t=xc  (at  which  point  Az=lJ2),  leading  to  the  following  result, 

4;r2r2/2m,.»e  =  (  2  sin2(a>re) 

PL0Z  4  [  c  fi>2 

This  can  be  rewritten  in  terms  of  the  generator  current,  /Gen=/maxSin(coxc)  as 

4^2r2/>,.«,  _  f  1  1  | 

li0Z  4  |sin2(r»rc)  a>2t2c  J 

Performing  a  Taylor  series  expansion  on  the  quantity  in  brackets  about  coxc=  0  yields 


Taking  the  limit  of  this  expression  as  ©xc-»0,  and  solving  for  the  generator  current  yields, 
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This  result  is  precisely  the  result  obtained  assuming  a  generator  current  which  increases 
linearly  with  time.1  Solving  this  expression  for  the  electron  density  yields  the  well-known 
result  for  electron  density  assuming  a  linearly  ramping  current, 


4%n1mlne  J  r2/2 


(15) 


In  order  to  estimate  the  error  in  density  associated  with  the  approximation  of  linearly 
ramping  conduction  current,  we  must  consider  the  higher  order  terms  Eq.(13).  For  the 
Hawk  data  presented  here,  0  <  £otc  <  id 2,  such  that  the  maximum  possible  error  in  the 
linear  approximation,  found  by  setting  coxc  =  rc/2,  is  £max  =  j^/30  ~  33%.  The  maximum 
error  drops  to  approximately  8%  at  cox0  =  tc/4,  which  corresponds  to  the  optimum 
conduction  time  in  these  experiments. 


4.5.2  Mass  scaling  on  Hawk 
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Fig.  42:  Snowplow-derived  POS  mass  versus  observed  delay  on  Hawk. 

Utilizing  the  linearly  ramping  conduction  current  approximation,  Eq.(15),  the  annulus 
mass  can  be  estimated  as: 

M  =  2^Ar)/omiWe  -  t*c  (A/')  ^_Gen^_c_  (16) 

Z  ~  24 n  rl0' 

where  r  can  be  taken  as  Rc  for  cable  gun  sources.6  This  mass  scaling,  as  applied  to  the 
Hawk  data,  is  shown  in  Fig.  42,  which  shows  the  llmT2  product  plotted  versus  observed 
Hawk  delay.  As  the  POS  radius  and  length  were  not  varied  in  these  experiments,  the 
I2Gentl  product  should  be  proportional  to  the  annulus  mass,  which  is  related  to  the 

injected  POS  mass.  Fig.  42  suggests  that  the  injected  plasma  mass  is  not  linear  with 
the  observed  Hawk  delay  as  might  initially  be  expected.  A  sudden  increase  in  POS 
mass  is  inferred  for  a  delay  of  roughly  2.8  p.s.  Interferometric  measurements  of  the 
cable  gun  plasma  while  firing  Hawk  have  shown  a  factor  of  2  to  3  increase  in  electron 
inventory  during  the  conduction  phase  compared  to  measurements  of  cable  gun  plasma 
without  firing  Hawk.6  This  increase  is  not  observed  with  flashboard  plasma  sources.6 
The  results  of  Fig.  42  together  with  the  observed  increase  in  electron  inventory  during 
conduction  strongly  suggest  that  an  increase  in  POS  plasma  mass  occurs  during  the 
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Fig.  43:  Switch  gap  versus  injected  POS  mass  for  both  the  long  (filled  circles)  and  short  (open 
circles)  POS-to-load  configurations. 

conduction  phase  as  a  result  of  ionization  of  neutrals,  possibly  neutrals  released  when 
cable  gun  plasma  strikes  the  cathode.29  This  conclusion  supports  similar  analysis  of  the 
previous  electron  density  measurements,6  in  which  an  average  value  of  ~  14  for  the  ratio 
of  mass  number  to  charge  was  obtained,  appropriate  for  singly  ionized  carton  and 
fluorine.  The  cable  guns  are  located  9  cm  from  the  cathode  surface,  and  the  cable  gun 
plasma  has  a  directed  velocity  of  ~3  cm/jis.6  Thus,  cable  gun  plasma  striking  the 
cathode  can  lead  to  the  production  of  neutrals  ~3  ps  after  the  cable  guns  are  fired,  close 
to  the  time  when  the  sudden  increase  in  mass  is  inferred  based  on  conduction  time 
scaling. 

The  switch  gap  may  also  be  plotted  as  a  function  of  the  initial  plasma  mass  in  the 
switch  by  applying  the  snowplow  model  for  conduction  time  scaling.  This  is  done  in  Fig. 
43,  which  shows  the  switch  gap  plotted  against  the  square  of  the  IGenrc  product.  This 

plot  shows  the  switch  gap  decreasing  roughly  linearly  with  initial  plasma  mass  in  the 
POS  until  the  gap  reaches  approximately  1 .5  mm.  Further  increasing  the  POS  injected 
plasma  mass  has  no  apparent  effect  on  the  switch  gap. 
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Fig.  44  : Inductance  uncovered  between  the  upstream  voltage  monitor  and  the  vacuum 
voltmeter  during  POS  conduction  and  opening  in  the  long  POS-to-load  configuration  for  several 
different  conduction  times.  Shots  with  a  diode  load  are  represented  by  solid  lines;  while  shots 
with  a  short  circuit  load  are  represented  by  dashed  lines.  The  vacuum  inductance  between  the 
upstream  voltage  monitor  and  the  vacuum  voltmeter  is  1 13.5  nH. 


4.6  Inductance  Calculations  and  “location”  of  POS  opening 


As  described  in  the  previous  section,  the  current-carrying  plasma  in  the  POS 
experiences  a  magnetic  pressure  on  the  upstream  side  that  accelerates  both  the  plasma 
and  its  associated  current  toward  the  load.  This  produces  a  time  varying  inductance  in 
the  generator/POS  circuit.  The  inductance  uncovered  between  the  upstream  voltage 
monitor  and  the  load  voltmeter  can  be  expressed,  using  measured  currents  and 
voltages,  as 


m= 


(17) 


where  Vd  is  the  voltage  measured  just  upstream  of  the  insulator,  VL  is  the  load  voltage 
measured  with  the  wire  voltmeter,  and  /Ge n  is  the  upstream  current.  Using  this 
expression,  the  time-varying  inductance  was  calculated  for  several  Hawk  shots  in  both 
the  long  and  short  POS-to-load  configurations.  Conduction  times  for  these  shots  ranged 
from  200  ns  to  950  ns.  Results  for  the  long  POS-to-load  configuration  are  shown  in  Fig. 
44,  while  results  for  the  short  POS-to-load  configuration  are  shown  in  Fig.  45. 
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Fig.  45:  Inductance  uncovered  between  the  upstream  voltage  monitor  and  the  vacuum 
voltmeter  during  POS  opening  in  the  short  POS-to-load  configuration  for  several  different 
conduction  times.  Shots  with  a  diode  load  are  represented  by  solid  lines;  while  shots  with  a  short 
circuit  load  are  represented  by  dashed  lines.  The  vacuum  inductance  between  the  upstream 
voltage  monitor  and  the  vacuum  voltmeter  is  95  nH. 

For  the  long  POS-to-load  configuration,  shown  in  Fig.  44,  the  initial  inductance 
immediately  after  Hawk  fires  ranges  approximately  from  70  nH  to  80  nH  depending  on 
the  conduction  time.  For  short  conduction  time  shots,  the  initial  inductance  is  closer  to 
80  nH,  while  for  long  conduction  time  shots,  the  initial  inductance  is  closer  to  70  nH. 
This  indicates  that  the  axial  location  of  initial  POS  current  conduction  is  farther  upstream 
for  long  conduction  time  shots  than  for  short  conduction  time  shots.  The  delay  between 
firing  the  POS  cable  guns  and  firing  Hawk  is  larger  for  long  conduction  time  shots  than 
for  short  conduction  time  shots,  and  the  POS  plasma  has  more  time  to  diffuse  upstream 
prior  to  firing  Hawk.  So,  the  axial  location  where  current  can  be  conducted  can  move 
upstream  as  conduction  time  increases.  During  the  conduction  phase,  the  inductance 
gradually  increases  corresponding  to  the  magnetic  field  pushing  and  distorting  the 
plasma  in  the  POS  injection  region.  This  is  followed  by  a  rapidly  increasing  inductance 
associated  with  the  propagating  current  channel  discussed  in  Sec.  3.1.1  and  POS 
opening.  The  inductance  increases  sharply  to  nearly  the  full  inductance  value  for  the 
coaxial  transmission  line  between  the  insulator  and  the  load.  The  total  inductance 
associated  with  this  transmission  line,  roughly  113.5  nH  in  the  long  POS-to-load 
configuration,  was  determined  from  a  Hawk  shot  using  a  short-circuit-load  and  no  POS. 
It  can  be  seen  in  Fig.  44  that  for  short  conduction  times  (<300  ns),  the  calculated 
inductance  immediately  after  opening  exceeds  the  total  inductance  in  the  transmission 
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line.  One  possible  reason  for  this  unphysical  result  is  an  erroneously  low  load  voltage 
measurement  that  may  result  from  electron  emission  in  the  wire  voltmeter.  This  problem 
seems  only  to  occur  for  short  conduction  times,  where  a  slow  rising  voltage  pulse  may 
allow  for  more  emission  in  the  wire  voltmeter  before  the  current  in  the  voltmeter  is 
sufficient  to  allow  magnetic  insulation.  Errors  in  the  voltage  or  current  measurements 
resulting  from  transmission  line  effects  may  also  be  partly  responsible  for  this  feature  in 
the  inductance  traces.  It  is  important  to  note  that  in  further  analysis  of  the  inductance 
measurements,  the  primary  focus  will  be  on  the  inductance  uncovered  prior  to  POS 
opening  (i.e.  prior  to  measurable  voltage  appearing  at  the  load).  Hence,  electron 
emission  in  the  wire  voltmeter  is  not  a  concern  at  the  times  of  interest  in  this  further 
analysis.  Inductance  time  histories  for  the  short  POS-to-load  configuration,  shown  in 
Fig.  45,  are  similar  to  those  for  the  long  POS-to-load  configuration  in  their  initial  behavior 
and  general  trends.  The  total  inductance  in  the  coaxial  transmission  line  was  95  nH  in 
the  short  POS-to-load  case. 

Assuming,  for  now,  that  the  propagating  current  channel  is  purely  radial  (data  in  Sec. 
3.1.1  suggest  that  it  is  not  purely  radial),  the  inductance  time  histories  allow  an  estimate 
of  the  axial  location  of  the  translating  plasma  sheet  at  any  time  of  interest.  The 
inductance  uncovered  at  the  time  of  POS  opening  can  therefore  be  used  to  determine 
the  location  of  the  (assumed)  radial,  current-carrying  plasma  channel  when  the  POS 
opens  (i.e.  when  load  voltage  begins  to  increase).  This  is  plotted  in  Fig.  46(a)  and  (b), 
which  show  the  axial  location  where  the  POS  “opens”  as  a  function  of  conduction  time 
based  on  the  inductance  uncovered  at  POS  opening  for  the  long  and  short  POS-to-load 
configurations,  respectively.  In  Fig.  46(a)  and  (b),  the  axial  position  of  POS  opening  is 
measured  relative  to  the  midplane  of  the  POS  injection  region,  (see  Fig.  1).  For 
comparison,  the  axial  location  nearest  the  POS  where  bremsstrahlung  emission  is 
observed  in  side-viewing  x-ray  pinhole  photographs  (see  Fig.  14  and  Fig.  15)  is  plotted 
as  well.  This  represents  another  possible  location  of  opening  because  high  energy 
electrons  emitted  from  the  opened  POS  may  strike  the  anode  anywhere  between  the 
location  of  the  POS  at  opening  and  the  load  thereby  producing  bremsstrahlung  radiation. 
The  lines  in  Fig.  46  are  linear  fits  to  the  data  points.  Finally,  for  the  long  POS-to-load 
configuration  [Fig.  46(a)],  a  crude  estimate  for  the  location  of  POS  opening  was  obtained 
based  on  relative  timing  of  the  downstream  current  and  load  voltage  signals  in  Fig.  12. 
Since  current  monitors  were  only  located  at  one  axial  position  in  the  short  POS-to-load 
configuration,  the  relative  timing  of  current  and  load  voltage  signals  did  not  provide  any 
additional  information  on  the  location  of  POS  opening  for  that  case.  As  shown  in  Fig. 
46(a),  the  three  different  methods  for  estimating  the  location  at  which  the  POS  opened 
correlate  fairly  well  in  the  long  POS-to-load  configuration.  In  Fig.  46(a),  the  location  of 
POS  opening  based  on  calculated  inductance  exhibits  more  scatter  than  does  the 
location  of  POS  opening  based  on  side-viewing  x-ray  pinhole  camera  photographs. 
Also,  the  location  of  POS  opening  based  on  calculated  inductance  does  not  vary  as 
much  with  conduction  time  as  does  the  location  of  POS  opening  based  on  the  side¬ 
viewing  x-ray  pinhole  camera  photographs. 

Based  on  the  inductance  calculations,  opening  occurs  closer  to  the  POS  for  the  short 
than  for  the  long  POS-to-load  configuration.  On  the  other  hand,  the  pinhole  camera 
photographs  yield  approximately  the  same  opening  location  for  both  POS-to-load 
configurations. 

5.0  Conclusions 

Two  different  POS-to-load  configurations  were  studied  in  this  experiment,  one  with  a 
POS-to-load  length  of  33  cm,  and  the  other  with  a  POS-to-load  length  of  49  cm.  The 
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Fig.  46:  Inferred  axial  location  of  POS  opening  (relative  to  the  midplane  of  the  plasma 
injection  region)  based  on  both  inductance  calculations  and  side-viewing  x-ray  pinhole  camera 
photographs  for  (a)  the  long  POS-to-load  configuration  and  (b)  the  short  POS-to-load 
configuration. 

longer  POS-to-load  distance  resulted  in  reduced  plasma  influences  on  the  diode,  while 
the  shorter  POS-to-load  distance  reduced  current  loss  between  the  switch  and  the  load. 
Based  on  these  results,  there  is  an  optimum  POS-to-load  distance  (i.e.  a  POS-to-load 
distance  at  which  diode  power  is  maximized)  determined  by  the  need  to  minimize 
current  losses  while  ensuring  that  plasma  reaching  the  load  does  not  adversely  reduce 
the  diode  impedance  and  voltage. 
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Conduction  time  was  another  parameter  that  was  varied  in  these  experiments.  The 
optimum  conduction  time  was  found  to  be  -0.50  |xs  for  the  short  POS-to-load 
configuration,  and  -0.65  ps  for  the  long  POS-to-load  configuration.  For  conduction  times 
less  than  optimum,  generator  and  load  currents  decreased,  resulting  in  lower  diode 
power.  For  conduction  times  greater  than  optimum  in  the  short  POS-to-load 
configuration,  load  behavior  deteriorated,  likely  due  to  POS-plasma  influences  on  the 
diode.  For  conduction  times  near  or  greater  than  optimum  in  the  long  POS-to-load 
configuration,  excessive  current  losses  between  the  POS  and  the  load  reduced  diode 
power. 

The  diode  A-K  gap  was  varied  to  study  the  effect  of  diode  impedance  on  POS-load 
coupling.  The  optimum  A-K  gap  was  10  to  15  mm,  corresponding  to  an  impedance  of 
approximately  5  Q..  For  larger  A-K  gaps,  upstream  current  losses  increased,  while  for 
smaller  A-K  gaps,  low  diode  impedance  and  consequently  low  load  voltage  resulted. 
This  behavior  is  consistent  with  the  switch-limited,  load-limited  picture  of  POS  operation. 
This  optimum  impedance  value  is  larger  than  was  observed  in  previous  work  with 
flashboards,  a  result  of  using  the  cathode  load  current  rather  than  anode  load  current  in 
determining  the  impedance.  Also,  the  fact  that  a  stainless  steel  anode  rather  than  a 
tantalum  anode  was  used  in  the  flashboard  experiments  may  have  resulted  in  a  different 
optimum  diode  impedance  due  to  a  different  gap  closure  rate. 

In  these  cable  gun  experiments,  the  optimum  conduction  time  (0.50  -  0.65  ps)  was 
shorter  and  the  peak  diode  power  (200  -  240  GW)  was  lower  than  was  observed  in 
previous  flashboard  experiments.  In  those  experiments,  400  GW  peak  power  was 
obtained  at  conduction  times  of  0.85  ps.9  Possible  reasons  for  this  discrepancy  are 
differences  in  plasma  sources,  POS  geometry,  and  anode  converter  material.  Another 
important  result  is  that  at  conditions  for  maximum  power  delivery  to  the  load,  about  half 
the  load  current  is  flow  current. 

The  effect  of  anode  material  on  load  impedance  and  power  was  only  observed  for 
shots  without  a  POS.  For  these  shots,  covering  the  tantalum  foil  with  Va- mil  aluminum 
foil  yielded  higher  diode  impedance  and  a  longer  pulse  duration  than  the  bare  tantalum 
foil,  possibly  a  result  of  hindering  impurities  in  the  tantalum  from  being  released  into  the 
diode  gap.  For  shots  with  a  POS,  there  was  no  clear  difference  between  the  two  load 
anode  materials  in  terms  of  load  impedance.  Based  on  the  measured  load  voltage  and 
load  cathode  current,  the  diode  impedance  for  conduction  times  equal  to  or  less  than 
optimum  follows  that  predicted  for  a  pinched-beam  diode,  thus  supporting  the  use  of 
cathode  current  when  calculating  diode  impedance.  For  long  conduction  times  in  the 
short  POS-to-load  case,  the  diode  impedance  is  less  than  the  pinched-beam  value,  thus 
supporting  the  notion  that  the  diode  impedance  is  affected  by  POS  plasma  in  this  case. 

It  was  also  found  that  the  current  propagation  (transfer  process)  was  affected  by 
changing  the  conduction  time,  but  was  not  affected  by  changing  the  load  impedance.  At 
short  conduction  times,  voltage  is  observed  at  the  load  prior  to  current  being  observed 
on  any  of  the  downstream  B-dot  monitors.  Furthermore,  signals  begin  to  rise  on  all  the 
current  monitors  downstream  of  the  POS  simultaneously,  indicating  that  current  transfer 
to  the  load  is  precipitated  by  diode  emission.  At  moderate  (optimum)  conduction  times, 
a  plasma  current  channel  is  observed  to  propagate  past  the  downstream  anode  current 
monitor  closest  to  the  POS  at  the  same  time  as  voltage  appears  on  the  load.  This 
voltage  reaches  100  kV,  but  is  not  sufficient  to  drive  current  through  the  diode  load. 
Instead,  a  resistive  plasma  current  channel  propagates  to  the  load,  after  which  the  diode 
current  and  voltage  increase  to  deliver  the  maximum  diode  power  with  no  apparent 
deleterious  effects  on  the  diode  impedance  from  the  plasma  associated  with  the  current 
channel.  In  the  long-conduction-time  case,  voltage  does  not  appear  on  the  load  until  just 
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before  or  at  the  same  time  as  the  current  channel  reaches  the  anode  current  monitor 
closest  to  the  load.  In  this  case,  the  load-impedance  time  history  and  amplitude  are 
adversely  affected  by  the  current-channel  plasma.  Further  work  is  required  to  fully 
understand  the  implications  of  these  observations  and  the  relationships  between  the 
plasma-current-channel  density,  current  losses  in  the  POS-to-load  region,  POS-plasma 
species  and  e-beam  diode  behavior.  Based  on  the  downstream  current  monitors,  the 
current  channel  propagates  faster  along  the  anode  than  along  the  cathode,  and 
consequently,  there  is  an  axial  component  to  the  current  flow. 

One  interesting  new  result  from  these  experiments  is  that  the  POS  gap  is  always 
approximately  equal  to  the  critical  gap  for  magnetic  insulation,  even  in  the  load-limited 
regime.  Expressing  the  POS  gap  in  terms  of  impedance,  the  flow  impedance  was  found 
to  scale  approximately  as  Zflow  *30 Dcril/Rc.  This  implies  that  the  POS  gap  adjusts 

itself  based  on  the  load  conditions  to  maintain  saturated  electron  flow  in  the  POS.  The 
mechanism  by  which  the  load  conditions  are  communicated  to  the  POS  is  not  clear,  and 
will  be  the  subject  of  further  research.  A  larger  POS  gap,  though  fully  saturated,  is  still 
desirable  to  obtain  higher  flow  impedance  and  extend  the  range  of  obtainable  voltages. 
Several  experiments  have  shown  that  the  gap  can  be  changed,  e.g.,  by  varying 
geometry7  and  POS  plasma  species.30 

Based  on  an  MHD  snowplow  model  for  POS  conduction  time  scaling,  a  sudden 
increase  in  POS  mass  was  inferred  for  a  2.8-ps  delay  between  firing  the  cable  guns  and 
firing  Hawk  (Fig.  42).  Based  on  this  inference,  the  previously  observed  increase  in 
electron  density  during  the  conduction  phase  with  a  cable  gun  POS6  results  from 
ionization  of  neutrals  as  opposed  to  additional  ionization  of  charged  species.  The  cable 
guns  are  located  9  cm  from  the  cathode  surface,  and  the  cable  gun  plasma  has  a 
directed  velocity  of  ~3  cm/ps.6  Thus,  cable  gun  plasma  striking  the  cathode  can  lead  to 
the  production  of  neutrals  -3  ps  after  the  cable  guns  are  fired,  close  to  the  time  when  the 
sudden  increase  in  mass  is  inferred  based  on  conduction  time  scaling.  Previous 
interferometric  measurements  on  Hawk  have  indicated  a  factor  of  2-3  increase  in  the 
electron  number  density  during  conduction.6  While  this  increase  was  attributed  to  further 
ionization  of  plasma  species  injected  from  the  cable  guns  (which  would  not  affect  the 
actual  mass  in  the  POS),  these  results  are  also  consistent  with  an  electron  density 
increase  resulting  from  ionization  of  neutrals. 
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